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Abstract 
Polymeric nanocomposite membranes are emerging types of membranes that have 
the potential to improve the current state of gas separation technologies. 
The incorporation of nanofillers into polymeric membranes provides 
an interesting approach to modify their gas permeability and separation properties 
and enhance their efficiencies. In this thesis, the PhD candidate pursued the 
development of several nanocomposite membranes, with the focus on inorganic 
nanofillers, for gas separation and removal applications.  
The gas species of interest in this work were hydrogen (H2), methane (CH4) 
and hydrogen sulphide (H2S). At the initial stage, the author of this thesis thoroughly 
reviewed the properties, gas transport mechanism, and synthesis methods of 
polymeric membranes with inorganic nanofillers.  As a result, informed choices were 
made regarding the incorporation of carbon black (CB), multi walled carbon 
nanotubes (MWCNT) and silver (Ag) nanoparticles in polydimethylsiloxane 
(PDMS) polymeric matrix. CB and MWCNT were chosen due to their high affinity 
to CH4 and H2, Ag was chosen as it is known for its strong interaction with H2S. 
PDMS was chosen as it is a highly permeable material for the aforementioned gas 
species that provided a polymeric matrix model for the manipulations with the 
chosen nanofillers. Nanocomposite membranes containing variable weight amounts 
of these nanofillers were fabricated to evaluate their effect on gas separation 
properties. In order to achieve the goals of this PhD thesis and contribute new 
knowledge, the author implemented his research work in three models: 
The first model involved incorporating CB in PDMS to enhance the separation 
performance of the nanocomposite membranes. To the best of the PhD candidate 
knowledge, at the time when this PhD research commenced, there were no reports on 
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the effect of incorporating CB into PDMS on gas separation performance. As a 
result, the PhD candidate developed several nanocomposite membranes embedded 
with different concentration of CB. It was demonstrated that CB can enhance the gas 
separation performance of the nanocomposite membranes. The selectivity of the 
CB/PDMS nanocomposite membranes was evaluated using CH4 and H2 gas species. 
The permeability of CH4 was reduced selectively and significantly through 
nanocomposite membrane. It was shown that nanocomposite membranes with CB 
concentration of 6 wt% were able to nearly fully block CH4 gas molecules 
permeation. This was attributed to the interaction between CH4 gas molecules and 
the abundant non-polymerised bonds between silicon (Si) and oxygen (O) at this 
concentration, which was noted by vibrational spectroscopy analysis. This model 
demonstrated that CB nanoparticles could be effective filler for tuning H2/CH4 gas 
selectivity.  
In the second model, MWCNT nanofiller was incorporated into PDMS. The 
PhD candidate hypothesized that the greater surface area and suitable surface energy 
of MWCNT could enhance H2/CH4 gas selectivity with even lower concentrations 
than that of CB based membranes. Nanocomposite membranes with a MWCNT 
concentration as low as 1% were able to efficiently increase H2/CH4 gas selectivity 
by 94.8%. Furthermore, CH4 permeation was almost totally blocked through 
membranes with MWCNT concentrations greater than 5%.  This was ascribed to the 
formation of Si−C bonds at MWCNT concentrations >1%.  
In the third and final model, the author investigated the development of 
catalytic polymeric membrane reactor (CPMRs). Ag was used as the catalytic 
material. The characterization revealed that the exposure to H2S gas molecules 
transformed the Ag nanoparticles into a complex nanocompound made of Ag and 
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Ag2S. Ag-Ag2S/PDMS CPMRs with low Ag concentrations (1%) were able to 
reduce H2S gas molecules permeation by ~60% streams in reference to unfilled 
PDMS. The nanocompound then catalytically decomposed H2S, while it had much 
smaller effect on CO2 and almost no effect on CH4 gas species. The presented 
nanocomposite system demonstrated the ability to efficiently remove H2S from 
mixed gas streams. 
In summary, the author believes that the developed membranes demonstrated 
the ability to efficiently separate and remove various gas species including H2, CH4 
and H2S.  These developed nanocomposite membranes can also be efficient and low 
cost solutions for separating other gas species which offer a plethora of applications 
for environmental, agricultural, biotechnology and energy conversion systems. This 
work also added significantly to the fundamental understandings in the field of 
nanocomposite membranes for gas separation and removal.   
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Chapter 1. Introduction  
 
1.1 Motivation 
Separating and removal of gas species are important for many industrial, farming, 
medical and food applications. Many current conventional and commercial 
technologies for gas separation and removal are costly, require bulky equipment, and 
demand high energies. They are mainly chemical, biological or physical based. 
Chemical based methods such as adsorption onto solids and in liquid species [1-4] 
(including oxides and carbon reactions as well as hydrodesulfurization) are 
expensive due to the large volume of materials required and their high energy 
demands [1, 4]. On the other hand, biological based technologies are complicated 
and in some cases dangerous, as they generally require oxygen (O2) rich 
environments for efficient operation [1]. Moreover, physical processes, such as 
pressure and temperature swing adsorption and cryogenic distillation, require bulky 
equipment and high energy [5-7].  
Another method of gas separation and removal is based on using membrane 
technologies, which offers an alternative low cost, efficient and low energy solution 
[8, 9]. Membranes are functional for a range of applications including those involve 
gas flow rates ranging from extremely low to very high, can function for various gas 
concentrations and are especially valuable for inaccessible and remote area 
operations [10].  
The use of membranes for separating different gas species has been increasing 
in past few years. Moreover, it has been estimated that in year 2020 the market will 
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depend on membrane gas separation technology five times more than that of year 
2000 [10].  This trend is attributed to the advantages that membrane technology 
possesses over others. Some of these advantages include high efficiency and 
stability, low energy requirement, ease of operation and mechanical robustness [11-
14]. However, further growth of the market scale for gas separation membrane 
technology depends on the availability of new and more efficient types of selective 
membranes that offer unique capabilities. Hence, recent research on gas separating 
membranes has focussed on improving the permeability and the selectivity to 
specific gases by investigating the use of new materials and mixes [15-17]. 
Polymeric membranes are increasingly playing more important roles mainly 
due to the advantages they offer. Their inherent low cost and energy requirements, 
both during their fabrication and operation, make them especially suitable for gas 
separation and removal applications. Scalability and ease of operation are also other 
advantages that polymeric membranes provide [18].  
Polymeric membranes generally function based on the principle that one type 
of gas molecules of a stream is allowed to permeate through at high rates, while other 
gas molecules mostly remain within the stream. Permeability, the passage rate of gas 
molecules across the membrane, and selectivity, the degree at which the membrane is 
able to separate different feed gas species, are the most important characteristics of 
these gas separation membranes. Increasing permeability, while enhancing the 
selectivity to a target gas species, is the golden key in developing membranes for gas 
manipulations. Polymeric membranes, for gas separation and removal applications, 
are generally limited by their inability to maximize their permeability while 
maintaining selectivity [12]. Most of the chemical or physical modifications can only 
increase either the selectivity or permeability, but generally not both simultaneously. 
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In polymeric membranes, the preference towards selectivity or permeability is highly 
dependent on the structure of the membrane. Any means capable of altering the 
polymer structure and symmetry can be used for achieving the goals of increasing 
permeability and selectivity at the same time [19].  
Incorporating nanofillers into the structure of polymers adds extra degrees of 
freedom for researchers and engineers to work with in order to satisfy the 
permeability and selectivity conditions at the same time [20]. Embedding nanofillers 
within a polymer can adjust the solubility of gas species, [21-24], systematically 
manipulate the polymeric chain molecular packing [25-27], produce extra interfacial 
voids or areas around the nanofillers, [28] change the asymmetry [19] and/or act as 
catalytic materials.  All physiochemical characteristics of the nanofillers play 
important roles in tuning the gas permeation properties of the nanocomposite 
membrane for gas separation and removal. This includes the nanofillers material 
type, morphology, orientation and dimension. In addition, their interaction with the 
polymer matrix after their incorporation is also another crucial factor. This is 
dependent on their surface energy and how they manipulate the polymeric chains 
after their incorporation [19]. 
The focus of this PhD thesis is to develop polymeric nanocomposites with 
embedded inorganic nanofillers for gas separation and removal. When one of the 
dimensions of the fillers is reduced to less than 100 nm the filler is in the nano realm. 
The inorganic nanofillers of interest in membrane technology are diverse including 
carbon based nanofillers, metals, metal oxides, metal composites and other inorganic 
compounds. Generally inorganic nanofillers offer the advantages of rigidity and 
durability at the same time they allow the tuning of the gas separation and removal 
properties to the membranes. If nanofillers are dispersed homogenously, even at low 
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concentrations they can affect the whole body of the polymeric membranes 
efficiently. The inorganic nanofillers can also offer properties far beyond the upper-
bound limit for the organic polymers [29, 30]. Such nanofillers can help to achieve 
higher selectivity, permeability, or simultaneously relative to the existing polymeric 
membranes [20]. They offer large surface-to-volume ratios for affecting the chain 
packing and producing asymmetry in the polymeric structure as well as a high 
surface area to maximize gas/filler interaction. Where, gas molecules can interact 
with a large quantity of nanofillers efficiently, while permeating within the 
membranes, producing an engineered effect on the gas species during the separation 
and removal process. Their surface energy is different to that of the bulk material 
altering the interaction with the gas molecules and polymer chains. Favourably, 
nanofillers can be firmly embedded into the polymers which reduce the health and 
safety concerns associated with them [31].  
 
1.2 Objectives 
In this research, the PhD candidate is involved in an investigation regarding the 
development of nanocomposite membranes with inorganic nanofillers. He chooses 
polydimethylsiloxane (PDMS) as the model base polymer to develop these 
nanocomposite membranes and concentrates on enhancing gas separation and 
removal properties by incorporating different types of inorganic nanofillers. Initial 
focus of this project is on developing membranes with two different carbon based 
nanofillers to separate hydrogen (H2) and methane (CH4) gas species. Subsequently, 
the PhD candidate develops catalytic polymeric membrane reactor (CPMR) 
membranes incorporating Ag nanoparticles to remove H2S gas molecules form 
various gas streams.  
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1.2.1 PDMS as the based polymer 
As mentioned previously, the development of a successful nanocomposite 
membrane with the desired properties depends on the proper selection of the polymer 
and filler materials, their structural and physiochemical properties, and the ratios of 
their concentrations [10]. The PhD author selects PDMS as a model rubbery polymer 
here as it has proven to demonstrate excellent capability to form nanocomposite 
membranes with a wide range of inorganic nanofillers [10, 20, 32, 33] PDMS has 
been a favourable base polymer that is commonly used for developing 
nanocomposite membranes for gas separation applications [34-36]. PDMS has 
shown to offer low cost, biocompatibility, nontoxicity, and ease of fabrication [34-
40]. Additionally, PDMS possesses one of the highest permeability coefficients for a 
wide range of gas species and it provides a very modest selectivity [14]. This creates 
the opportunity to utilise nanofillers to investigate the changes of selectivity to target 
gasses of this PhD thesis using PDMS as the base polymer.  
1.2.2 Carbon blacks as nanofillers  
The first objective of this thesis is to verify the hypothesis of increased 
separation of CH4 and H2 utilizing carbon black (CB)/PDMS nanocomposites. The 
membranes are used in conjunction with a semiconducting commercial gas sensor 
that shows strong responses to both H2 and CH4. The hypothesis is tested by 
developing and testing nanocomposite membranes consisting of CB dispersed within 
PDMS. This assumption is based on the well-known fact that carbon has a high 
affinity to hydrogen atoms [41]. As a result, introducing CB into PDMS should alter 
the selectivity of the membrane against H2 and CH4 at different concentrations of CB 
in the nanocomposite. In this thesis, the gas separation properties of the 
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nanocomposite membranes will be evaluated, and correlated to their chemical 
structure, using vibrational spectroscopy. 
1.2.3 Carbon nanotube as nanofillers  
Based on the expected outcomes of the first objective, the PhD candidate 
hypothesises that incorporating carbon nanotubes (CNT) into PDMS would lead to 
the enhancement of the nanocomposite membranes separation ability of H2 and CH4 
gas species and that the separation can occur at much lower CNT concentration than 
CB.  
CNT, which are graphite sheets rolled into circular bundles, have been 
researched extensively as filler in nanocomposite membranes due to their ideal 
properties [42-46] with both single-walled (SW) and multi-walled (MW) versions of 
CNT being utilised [10, 17, 47-49]. Their extraordinary mechanical and electrical 
properties nominate their use as a filler to reinforce the structure of the polymer 
matrix or to increase the electrical conductivity of the composite materials. The 
nanoscale dimensions of CNT provide a large surface-to-volume ratio, and hence, 
increase the chances of the permeate gas molecule to interact with their surfaces [46]. 
CNT also have a high surface energy that can interact with most gas molecules [46]. 
In addition to such properties, a number of studies have confirmed that the use of 
CNT as a filler in different types of polymers have altered their gas separation 
characteristics [50-52]. For example, Sanip et al. [52] has embedded functionalized 
MWCNT into polyimide to separate CO2/CH4. Kim et al. coated CNT within a thin 
polysulfone (PSF) layer [50] and in another study demonstrated that CNT–
poly(imide siloxane) nanocomposites have changed the permeability of CH4 through 
membranes [51]. However, the aforementioned studies suffer from lack of proper 
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characterization and analysis of the membranes operation and do not provide any in-
depth understanding of the mechanisms of gas separation. 
The objective of this part is to validate these hypotheses, which will be 
verified by developing and analyzing nanocomposite membranes consisting of CNT 
dispersed within PDMS. In addition, to identify conditions for optimum 
performance, nanocomposite membranes with varying CNT concentrations will be 
prepared. The gas separation properties of these nanocomposite membranes for 
separating H2 and CH4 gas species will be evaluated, and correlated to their chemical 
structure as determined by electron microscopy, vibrational spectroscopy, and X-ray 
photoelectron spectroscopy (XPS). 
1.2.4 Silver nanoparticles as nanofillers  
The objective of the last part of this thesis is to develop an energy efficient and 
low cost method for developing nanoscomposite membranes that can be 
implemented to increase removal efficiency of a hazardous gas such as hydrogen 
sulfide (H2S) from gas streams. To achieve this goal, one possible approach is to use 
CPMRs [53]. The CPMRs are capable to catalytically react with chosen gas species 
in one step, producing residues that are inert for the desired system. Amongst many 
routes to fabricate CPMRs, compositing an inorganic catalyst in the polymeric base 
membrane is one of the most economical, facile and popular approaches [53]. To the 
best of the PhD candidate’s knowledge, no research has been carried out on CPMRs, 
at this configuration, for the reactive removal of H2S gas, in which the catalyst 
effectively interact with H2S, while having minimal effect on targeted gas 
permeation such as CH4 and CO2.  
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Silver (Ag) together with its compounds can be potentially good candidates in 
this regard. The CPMRs based on Ag nanoparticles have demonstrated excellent 
reactive removal performance towards nitrous oxide and volatile organic compounds 
[54, 55]. It is well-known that Ag shows a strong reaction with H2S, forming silver 
sulfide (Ag2S - tarnish) [56]. The produced Ag2S is an excellent ionic conductor in 
which Ag+ ions can move freely, resulting in cationic vacancies [57]. The 
combination of Ag and Ag2S can hence act as a strong mediator/catalyst system to 
decompose the H2S gas molecules into chemisorbed hydrogen and sulfur ions, in the 
presence of a fixed internal potential exists in the interface between Ag2S and Ag 
[58]. The presence of Ag atoms or Ag+ ions in the system provides an environment 
that preferably break S-H bonds (with the bond energy of 81 kcal/mol) [59] rather 
than C-H bonds (with the bond energy of 99 kcal/mol) [60], resulting in the near 
intactness of the CH4 gas molecules during the reactive removal of  H2S gas 
molecules.  
Based on the aforementioned discussions, the PhD candidate made an informed 
decision to investigate on the effect of incorporating Ag nanoparticles into the PDMS 
matrix to form CPMRs for reactive removal of H2S from CH4 and CO2 gases. Ag, in 
the form of nanoparticles, is used in order to increase the surface area for the H2S 
reaction in the membrane. Nanocomposite catalytic membranes with different weight 
concentrations of Ag nanoparticles will be developed, analysed and tested to 
understand the effects of nanoparticles on the gas species permeations and H2S 
reactive removal.  
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1.3 Thesis organisation 
The author of this thesis presents in details the work that he carried out during his 
PhD candidature and the outcomes that are produced regarding the development of 
several nanocomposite membranes for gas separation applications. Based on the 
previously highlighted motivation and objectives, this thesis consists of six Chapters, 
which are presented as follows: 
 
In Chapter 2, the PhD candidate will provide a comprehensive literature review 
about nanocomposite membranes for gas separation and removal applications. The 
Chapter will discuss the fundamental properties, variety of synthesis techniques, 
common nanofillers and their composites and the challenges that face this industry. 
 
In Chapter 3, the author will deliver his work on the incorporation of CB as 
filler in PDMS nanocomposite membranes for gas separation. The author will 
indicate the ability of CB to increase H2/CH4 selectivity at room temperature by 
blocking the permeation of CH4 through the nanocomposite membrane at the 
optimum CB concentration. The synthesis process and the gas separation 
performance of the nanocomposite membranes will be presented.  
 
In Chapter 4, the author will cover his research work on the incorporation of 
MWCNT in PDMS to form nanocomposite membranes. The PhD candidate will 
demonstrate the ability of MWCNT, at lower concentrations than CB, to increase 
H2/CH4 selectivity at room temperature. The author will present the outcomes 
thorough characterization of the synthesized nanocomposite membranes and present 
their gas separation properties.  
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In Chapter 5, the author of this dissertation will present his work conducted on 
the development of Ag/PDMS as a CPMR. The author incorporates different 
amounts of Ag in PDMS to catalytically decompose and remove H2S molecules from 
gas streams. The author will also provide detailed insights into the operation 
mechanisms of this removal and the effect of incorporating Ag on CH4 and CO2 
permeations. 
 
Finally, in Chapter 6, the author will present the concluding remarks and the 
future outlook of the research work relevant to this thesis. 
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Chapter 2. Literature Review  
 
2.1 Introduction 
In the previous Chapter, the author highlighted the importance of incorporating 
nanofillers into membranes to enhance their gas separation and removal properties. 
In order to clearly target innovative aspects of such membranes for this PhD 
investigation, the author conducted a literature review on inorganic nanofillers 
incorporated in polymeric membranes for gas separation and removal. This review 
was carried out in order to make informed choices and to gain necessary knowledge 
prior the development of the nanocomposite membranes. 
This Chapter aims to present the state-of-the-art research and development 
activities in the field of nanocomposite membranes for gas separation and removal.  
A brief introduction into polymeric membranes will be presented while the 
mechanisms that govern gas permeations and selectivity will be elucidated. It will be 
explained how nanofillers can manipulate the properties of the gas separation and 
removal membranes. Various techniques for synthesising nanocomposite membranes 
are presented. A comprehensive discussion regarding commonly used inorganic 
nanofillers will follow. Finally, the author presents possible challenges regarding the 
inorganic-polymeric nanocomposite membranes for gas separation and removal.  
It is important to mention that a major portion of this chapter was organized as 
a review paper and submitted to the Journal of Separation and Purification 
Technology. 
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2.2 Gas separation mechanism in polymeric membranes  
Polymeric membranes can be classified into two categories based on their structure: 
nonporous and porous structured membranes [1]. The mechanism of gas transport in 
membranes depends on whether the membrane is nonporous or porous.  
Nonporous membranes are dense materials, which are devoid of any significant 
voids and thus, by nature of their structure, can offer high selectivity values but low 
permeability. In non-porous membranes, the driving force for diffusion is a pressure 
or concentration gradient that builds across the membrane, which facilitates the 
movement of gas molecules after the absorption of the permeate. Gas permeation in 
dense nonporous membranes can be described by the solution-diffusion mechanism, 
[2-4] that is different from porous membranes in which gas transportation depends 
on the relative size of the permeate molecules and the pores in the membrane.  
In solution-diffusion mechanism, gas permeation through a membrane 
comprises of three successive steps: (1) first at the high pressure boundary, the 
penetrant gas dissolves into the membrane; (2) then the concentration difference 
across the membrane drives the diffusion of the gas molecules through the 
membrane; and (3) the desorption of gas molecules out of the membrane then take 
place at the low pressure boundary. The nature of the penetrant’s diffusion in the 
membrane matrix controls gas permeation. Different gas species are separated due to 
the differences in their mobility and solubility in the membrane matrix.  
Porous membranes are characterized by their highly voided nature with possibly 
interconnected pores randomly or orderly distributed within the matrix of the 
polymer [5]. It has been noted that gas separation processes in porous membranes are 
driven by the properties of the diffusing gas, pore size and pore size distribution 
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within the polymer membrane [1]. Porous membranes are generally characterized by 
their high permeability, at the expense of low selectivity. In addition to separation 
applications porous membranes are also used as substrates for mechanical support of 
nonporous membranes.  
Operation of gas separation and removal membranes based on size of pores is 
usually characterized by one or a combination of the following gas separation 
mechanisms (Figure 2.1): 
Molecular diffusion (sieving): this form of gas transport is ruled by the molecular 
collisions, occurring when the mean free path for these molecules is smaller than the 
pore sizes in the membranes. In this case, the gas molecules are separated based on 
size exclusion, the size being their kinetic diameter. An application of a pressure 
gradient generates the molecular diffusion which follows the Hagen–Poiseuille law 
[6]. 
Knudsen diffusion: when the mean free paths of gas molecules are larger than the 
pore sizes in a membrane the Knudsen diffusion is observed. Consequently, and 
unlike the molecular diffusion, there is a higher frequency of collisions between gas 
molecules and pore walls relative to collisions between gas molecules themselves. In 
this case, the gas separation is more influenced by the difference in the mean free 
paths of gas molecules in pores. 
Solution diffusion: generally gas molecules with higher polarity pass through the 
membrane by moving from one adsorption site, in the form of molecular size pore, to 
another. The gas molecules permeate via the solution diffusion mechanism through 
these sites at different rates. Obviously, such a difference helps in their separation.  
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Surface diffusion: Surface diffusion occurs when some of the gas molecules in the 
stream exhibit a strong affinity for the membrane surface and adsorb onto it. As a 
result, this effect helps the separation of the gas species as a function of the 
differences in their membrane surface adsorption. Surface diffusion often occurs in 
parallel with other transport mechanisms such as Knudsen and molecular diffusion 
[7, 8]. 
Capillary condensation: It is a form of surface flow in which one of the gas species 
is a condensable gas. In such membranes at a certain critical relative pressure, the 
pore becomes completely filled by the condensed gas. In this case, menisci are 
formed at both ends of the pore and molecular transport occurs hydrodynamically 
driven by the capillary pressure difference. As the formation of the condensed liquid 
layer blocks and prevents the flow of the non-condensable gas species, capillary 
condensation offers very high selectivities [8-10].  
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Figure 2.1 gas separation mechanism in nonporos and porous membranes: (a) Molecular 
sieving. (b) Knudsen diffusion. (c) Solution diffusion. (d) Surface diffusion.(e) Capillary 
condensation.   
 
Membrane pore size can range from several micrometres to several angstroms. 
It is a significant aspect that needs to be examined to obtain the desired gas flux and 
selectivity through the membrane. Small pore size is not always better as the 
separation application might require the permeation of larger gas molecules. Hence, 
the first consideration is choosing the appropriate pore size for the intended 
separation application. Moreover, to drive gas molecules through small pore size, 
higher pressure is required which lead to higher cost and energy consumption. 
Membrane pore sizes can be classified into four main types [11]:    
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Microfiltration (MF) pore size in this type ranges from 0.1 – 5 µm. This large pore 
size, facilitate a low pressure operation which require lower energy than the other 
types. It is used to filter bacteria and other types of small dust from a gas stream.     
Ultrafiltration (UF) pore size ranges between 0.1 and 0.01 µm. Such pore 
dimensions are comparable to the dimensions of conventional nanoparticles, viruses 
and proteins. Such membranes are mainly used in agricultural and chemical 
separation applications.   
Nanofiltration (NF) pore seize ranges between 0.01-0.001 µm. This type of 
membrane is generally used in the separation of large to medium size molecules of 
some inorganic salts as well as organic and metal-organic materials such as synthetic 
dies and sugars. Possibility such membranes can be used for the separation of large 
volatile organic compounds in vapour forms. 
Reverse osmosis (RO) this type requires high pressure to operate because it has a 
very fine pore size that range of 0.001-0.0001 µm. This small pore size can approach 
the radius of some atoms and is capable of filtering everything but small molecules 
such as those of water and low molecular weight gas species.    
 
2.3 Nanocomposite membranes 
The use of nanofiller reinforced polymers; where nanofillers are dispersed within the 
polymer matrix have been noted as a promising technology that improves the 
properties of polymeric membranes [12, 13]. Incorporating nanofillers in polymers to 
develop nanocomposites membranes with both high selectivity and permeability is 
possible as the fillers add an extra degree of freedom for changing the parameters of 
the membranes [14-16]. As mentioned in the introduction, nanofillers can increase or 
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decrease selectivity to gas molecules, strengthen the structure of the membranes, 
interact with the polymeric matrix to form new structures or create voids of the 
desired dimensions for the selective passage or blockage of gas molecules. 
With optimal selectivity/permeability properties being the main subject of 
research with regards to nanocomposite membranes for gas separation, numerous 
investigations have been conducted over the years in a bid to maximise both 
properties. To this end, a theoretical selectivity/permeability upper bound 
relationship for dense polymeric membranes has been noted for various gases and 
gas pairs. The limit is termed the Robeson upper bound (see Figure 2.2), which is 
derived based on data for membrane separation properties [17-19]. The aim of many 
researchers in the area of nanocomposite membranes is to exceed this upper bound in 
practice. 
 
Figure 2.2 Robson upper bound which is the presentation of the trade-off between 
permeability and selectivity. With the improvement of this upper bound from 1991 and 2008 
enhanced gas separation membrane have been obtained. Additionally, nanocomposite 
membranes help to achieve values above the upper limit. (Adapted from [17, 20] ) 
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In theory, the permeability through a membrane is dependent on two factors; 
the solubility of the gas and the diffusivity of the gas through the membrane. 
Nanocomposite membranes exhibit noticeably differing permeability properties in 
comparison to their isolated polymeric membrane counterparts. The changes in 
permeability manifest due to: 
• The interaction between the nanofillers and the polymer leading to a more 
“relaxed” polymer chain and thus adjust the size of voids between the 
polymer chains and by extension, the voids within the membrane. This 
increases the diffusivity through the membrane [21, 22]. 
• The interaction between the nanofillers and the permeated gas can potentially 
change the solubility of the gases in the membranes. For example, functional 
groups such as OH− that tend to interact strongly with polar molecules 
including carbon dioxide (CO2) and sulphur dioxide (SO2), with this 
functional group present on the surface of the inorganic nanofillers increasing 
the solubility of the gases in the membrane [19, 23]. 
• The formation of voids is possible around the nanofillers. Depending on the 
bonds formed between the polymer chains and the surface of nanofillers, the 
nature of these voids can be altered. When the forces are weak, such as Van 
der Waals forces, a significant void is formed between the polymer chains 
and the fillers. However, strong bonds form extra links and contacts between 
the fillers and polymer chains that can eventually hinder the permeation of 
the gas molecules [4, 19]. 
• The majority of nanofillers themselves can interact with the gas molecules. 
Such interaction can have direct chemical or catalytic nature, which can also 
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possibly change the properties of the gas molecules permeating through the 
membrane [23].   
• The fillers can catalytically interact with the gas molecules. Polymeric 
catalytic membrane reactors (PCMRs) are an emerging type of 
nanocomposite membranes that have the ability to provide a catalytic 
conversion control on gas removal (see Figure 2.3) [24, 25]. Additionally, 
they are also capable of manipulating the structure of the polymer. The 
PCMRs’ dual effect makes them attractive materials for gas separation and 
removal membrane [26]. Advantageously, the embedding of the catalyst 
fillers within the polymer can protect them from deactivation and at the same 
time enhance its efficiency by concentrating and slowing the gas molecules 
near their surface. This can reduce the need for catalysts recycling, which is 
in important environmental advantage for PCMRs [25].   
 
 
Figure 2.3 Schematic representation of a PCMR operation. One of the gas species interact 
with the catalytic nanofiller. 
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Therefore, engineering and tuning of the nanocomposite membranes is possible 
by changing the concentration and type of nanofillers, as well as the parameters 
during the synthesis of the membranes.  
2.4 Nanocomposite membranes- preparation methods  
Most preparation methods for nanocomposite membranes primarily involve the 
mixing of the two major components; the monomer or polymer and the inorganic 
nanofillers. Homogenous dispersion of nanofillers within the polymer matrix 
maximises the benefit those fillers provide to the nanocomposite membranes.  
The fabrication methods used are dependent on the form of the organic component 
(monomer/polymer), and the energy requirements of the mixing and curing 
processes. It also heavily depends on the type of the inorganic nanofillers 
incorporated. In such processes, generally the nanofillers are made prior to the 
fabrication of the membranes. Then they are mixed with the monomer or polymer 
and the membrane is formed through various polymerization and solution 
evaporation processes. Moreover the membrane framework is another factor that has 
to be kept in mind when fabricating nanocomposite membrane. In addition to 
separation and permeation properties that inorganic materials lend to the membranes, 
they can also form the support framework for the membranes to increase its 
mechanical integrity as presented in Figure 2.4. 
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Figure 2.4 Schematic representation of different nanocomposite membrane morphologies: 
(a) Randomly distributed nanofillers (b) nanomaterials placed on one side the membrane 
(c) nanofillers oriented to form tubes for gas separation and (d) nanofillers placed to form 
pores within the membrane. 
 
If the starter is a monomer then polymerization should occur in which 
monomer molecules react to form three-dimensional networks of polymer chains 
around nanofillers [27, 28]. The chains can be attached to nanofillers or make voids 
around the fillers and depending on the membranes with various pore sizes or 
nonporous membranes can be obtained [29, 30]. There are many forms of 
polymerization and different systems exist to categorize them.  Polymerization 
generally takes place via step or chain growth mechanisms. Most of the membrane 
production mechanisms are based on chain-growth methods [27]. It involves 
molecules incorporating double or triple carbon-carbon bonds that are linked 
together in the polymerization process. These monomers have extra internal bonds 
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that can be broken and linked, forming repeating chains. In this case the backbone 
typically contains carbon atoms. Chain-growth polymerization is involved in the 
manufacture of polymers such as polyethylene, polypropylene, and polyvinyl 
chloride (PVC) which are commonly used in the fabrication of gas separation 
membrane [5, 30-32]. Similar processes can be adopted using oligomers.  
Mixing preparation methods can be divided into the following methods: 
Solution blending solution blending involves an inorganic solvent that dissolves the 
polymer and also allows the homogenous dispersion of the nanofillers [33-35]. After 
the dissolution of the polymer component in the solvent, the nanofiller component is 
added, with thorough, high energy and generally long duration mixing to allow for 
uniformity in the dispersion. The solutions are then placed into a mold or spread on a 
surface, and then the solvent is removed, leaving a fully formed nanocomposite 
membrane. Solution blending is one of the simplest methods of nanocomposite 
membrane development. The technique is suitable for a variety of nanofiller types 
and concentrations as well as polymers. However, the aggregation of nanoparticles 
within the membranes is a common issue of this method.  
In situ-polymerization the fabrication of a nanocomposite membrane from an in 
situ-polymerization process involves mixing the nanoparticles vigorously in the 
monomers and then polymerizing the mixture [36]. This polymerization is initiated 
usually by some functional groups on the surface of the fillers which can create 
anions or cations under high energy such as heat [37], radiation [38], plasma [36] or 
other sources. In this method, the functional groups such as hydroxyl and carboxyl, 
facilitate the connection between the polymer chains and the nanofillers by covalent 
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bonds. Yet, like with the solution blending method, nanoparticle aggregation is a 
prominent problem with in situ-polymerization. 
Sol-gel method sol-gel fabrication method is a wet technique where the solution 
gradually evolves into a gel network consisting of both liquid and solid phases [39, 
40]. The precursors then hydrolyse and condense to produce a colloid which is a 
well-dispersed nanoparticles/polymer solution. Then the solution undergoes a drying 
process to remove the liquid from the gel. The nanofiller in this method are dispersed 
at the molecular level in the polymer, which assures a homogeneous membrane. 
Moreover, the moderate reaction conditions are one of the advantages of this method.  
Other synthesis and modification techniques When synthesizing nanocomposites, 
several factors such as, agglomeration and orientation of nanoparticles in polymeric 
matrix have to be taken into consideration [41-47]. One of the techniques to avoid 
nanoparticle agglomeration is the prime protocol, where the nanofillers are first 
coated with a thin layer of the polymer before mixing it into the remaining polymer 
solution [48]. Another approach to ensure a fair dispersion of the nanofillers is 
mixing it initially with a solvent of higher adhesion than that of the main solution 
that allows for larger shear forced sonication to be applied.   
 
2.5 Gas transport mechanisms in nanocomposite 
membranes  
Understanding the mechanisms for modelling gas transport in nanocomposite 
membranes is essential to design the membranes with the desired properties. As a 
result, various models have been developed/adopted over the years that aim to 
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provide a realistic description of the gas transport process [49-51]. A summary of 
some the most used models are given below: 
2.5.1. Maxwell model 
The Maxwell model is an estimation of the permeability of a polymer that has been 
reinforced with nanoparticles [52, 53]. The primary assumption of the Maxwell 
model is the presence of spherical and impermeable nanoparticles that reduce the 
permeability of the polymer. In such systems: 
1. Diffusivity is reduced in the presence of nanoparticles, since the diffusion 
path length is increased. 
2. Solubility is reduced due to the effective loss in polymer volume available for 
sorption through the added volume of impermeable nanoparticles in the 
system. 
Since permeability is a function of diffusivity and solubility, the Maxwell 
model predicts a reduction of permeability as the nanoparticle composition increases, 
as described by the equation: 
 = (
1 − Φ

1 + 0.5Φ
) (2.1) 
 
in which Pc is the permeability of nanocomposite membrane, Pp is the permeability 
of polymer and Φf is the volume fraction of nanoparticles. An increase of Φf results 
in the increase in the numerator (polymer volume), leading to a decrease in the 
solubility of the polymer composite, and an increase in the denominator term 
(pathway length) leads to a decrease in diffusivity of the system.  
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The limitation in this model is the disregard of any effects between the 
polymer, nanoparticles, and the diffusing gas, all which have been noted to have a 
strong influence on permeability. As a result, one can conclude that Maxwell model 
for gas transport in nanocomposite membranes is limited, as evidenced in its 
relatively poor predictions of polymer/nanoparticle hybrids, which has been noted in 
various studies [50, 51, 54]. There have been many investigations to modify the 
Maxwell model to extract a none-ideal extended model that can be applied for 
different nanocomposite scenarios [55-59]. 
2.5.2. Free-volume increase mechanism 
The mechanism of “free-volume increase” is based on a model of diffusivity 
proposed by Cohen and Turnbull [60], which describes the relationship between the 
penetrant and the polymer. The model relates the diffusivity of the penetrant and the 
free volume elements of the polymer via the following equation: 
 =  exp(
−ϒ		∗	

) (2.2) 
in which D is the diffusivity, A is a weakly temperature dependent factor, ϒ is an 
overlap factor to avoid free volume elements over-counting, V* is the minimum free 
volume element size that can accommodate a penetrant molecule, and Vf  is the 
average free volume in the transport media. 
This model predicts and associates the enhancement in penetrant molecules 
permeation through composite membranes with the increase of polymer free volume. 
Polymer/nanofillers hybrids in a variety of experiments have been noted to exhibit 
increased permeability to gases as the content of the nanofiller increased in the 
polymer [52, 61-64]. The increase in permeability has been noted to occur as a result 
  
30 
 
of an increase in free volume, owing to the relaxation of the polymer’s cross linked 
structure which are ascribed to the incorporation of the nanofiller [53]. As noted 
earlier, this phenomenon is not usually captured by the Maxwell model, which 
predicts a decrease in permeability.  
2.5.3. Solubility increase mechanism 
The “free-volume increase” mechanism describes the relationship between the gas 
diffusivity and the polymer free volume, while the “solubility increase” mechanism 
aims to model the interaction between the gas molecules and the nanoparticles. The 
solubility increase mechanism model is based on the Arrhenius equation [65, 66]:  
 = exp	(
−

) (2.3) 
where Ep = Ed + ∆Hs.  In Equation (3), P is the gas permeability, Po is the pre-
exponential factor, T temperature in Kelvin, R is the gas constant, Ep is apparent 
activation energy, Ed activation energy of diffusion and ∆Hs is the enthalpy of 
sorption. 
The free solubility model is based on the assumption that the surface or the 
bulk of inorganic nanoparticles reacts with gas molecules. The reaction then leads to 
a decrease in the enthalpy of solution ∆Hs and by extension and consequently a 
decrease in the apparent activation energy Ep, which leads to an increase in 
permeability [67].  
2.5.4. Nanogap hypothesis mechanism 
The “nanogap hypothesis mechanism” was first proposed by Cong et al. [23, 68] as a 
complimentary explanation to the free-volume increase mechanism that could not 
accurately explain the decrease of selectivity after the incorporation of nanofillers. 
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The nanogap hypothesis suggests that the poor compatibility between the filler and 
the polymer matrix lead to the formation of narrow gaps around the nanoparticles, 
which are noted to reduce the pathway length of the gas flow within the polymer, and 
as a result, increase the diffusivity and permeability of gas molecules, as seen in 
Figure 2.5. 
The hypothesis is based on the poor interaction between the filler and the 
polymer matrix, which leads to a “gap” between the nanoparticles and the polymer 
matrix. This effect manifests as a heterogeneous dispersion of the particles in the 
membrane. 
 
Figure 2.5 Nanogap hypothesis: schematic representation of differences between the 
permeation of gas molecules in dense membranes and nanocomposite membranes with 
nano/meso pores  
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2.6 Common inorganic nanofillers and their composites 
This review paper is only focused on inorganic fillers so we limit ourselves to 
nanocomposites incorporating such materials for gas separation and removal 
applications. The use of inorganic fillers can have an enormous impact on the gas 
permeation properties of nanocomposite membranes [69]. The most common 
inorganic fillers include; carbon based fillers, zeolites, metals, and metal oxides. In 
addition to these conventional fillers, other rapidly growing fillers such as metal 
organic frameworks are also emerging as favourable materials when developing 
composite membranes.  
There are two states of polymeric materials usually employed in 
nanocomposite membranes, rubbery and glassy polymers. Rubbery polymers operate 
above their glass transition temperatures [70] and are characterized by their nimble 
structure, owing to the flexibility of the polymer chains, which are noted to rotate 
freely around the crosslinks or the polymer backbones  [48]. In contrast, glassy 
polymers operate below their glass transition temperatures and possess significantly 
less variation with regards to their flexibility and manifest as rigid structures relative 
to their rubbery counterparts.  
The high selectivity that is associated with glassy polymers has allowed it to be 
the dominant polymer source for gas separation processes in industry, examples of 
glassy polymers used consistently in industrial applications include; polyimides, 
polyarylates, polycarbonates, polysulfones, cellulose acetate, poly (phenylene oxide), 
polyacetylenes and poly [1-(trimethylsilyl)-1-propyne] [55, 56, 71-73]. In 
comparison, rubbery polymers that are of industrial relevance are less diverse, with 
poly (dimethylsiloxane) being the most prominent [70, 74, 75]. This review is not 
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driven by the polymer type and instead focusses on the type of fillers used. An in-
depth list of polymeric materials used for the design of nanocomposite membranes 
can be found in Porter [76] and Bastani et al [70]. 
In the context of nanocomposite membrane performance, the suitability of 
polymers in nanocomposite membranes can be dependent on their ability to form a 
strong interface with the inorganic fillers employed. The use of rubbery polymers is 
advantageous in this context as they provide strong interactions with inorganic 
fillers. Glassy polymers are disadvantaged in this regard but they compensate for this 
with their rigid structure, which provides higher selectivity values.  
2.6.1 Carbon based fillers 
Carbon based fillers include carbon black, carbon molecular sieves, carbon 
nanotubes, graphene and bucky balls (C60). They are some of the most sought after 
fillers in developing nanocomposite membranes due to the strong mechanical and 
excellent thermal stability, in addition to their ability to improve gas selectivity. 
More specifically, the high affinity of gas molecules such as hydrogen and carbon 
dioxide to carbon can be used for manipulating selectivity of gas pairs that include 
hydrogen in them.  
Carbon black 
Carbon black (CB) nanopowder is generally produced by partial combustion of 
petroleum products [77].  Traditionally, CB’s application in creating polymeric 
nanocomposites are commonly for enhancing structural integrity or for improving 
electrical or thermal conductivities [77].   
Panek and Konieczny (2007) [78] conducted a study on the use of CB as filler 
in PDMS and polyether-block-amide (PEBA). The fabricated membrane was used 
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for the separation (pervaporation) of toluene from water. While CB/PDMS showed a 
reduction of permeation, CB/ PEBA showed an increase in toluene permeation which 
was ascribed to the increase of free volume.   
Carbon molecular sieves  
Carbon molecular sieves (CMS) are generally derived from carbonization of 
polymeric precursors at temperatures that facilities their optimum structural 
development via pyrolysis [79-82]. Fundamentally, increasing pyrolysis temperature 
is known to allow for the generation of ultramicroporous carbon based structures that 
are of similar molecular dimensions to that of the diffusing gases.  Specifically, 
depending on the fabrication conditions, the pore structure of the resulting membrane 
can be varied to the desired dimensions. The aim is generally to vary the fabrication 
conditions such that an optimal pore size is reached that maximizes selectivity 
without forfeiting permeability. As a general rule, open pore structures are usually 
associated with higher permeability while a reduction in pore size allows for higher 
selectivity. After the pyrolysis the obtained CMS is milled to form nanoparticles and 
these nanoparticles are used in the composite. 
The potential of using CMS in nanocomposite membranes for gas separation 
applications could be based on their nano/mesoporous structures which lead to an 
extraordinary permeation capability by increasing the voids within the polymer [83, 
84]. Furthermore, CMS have high affinity toward glassy polymers facilitating for 
desirable interfacial contacts [80, 85, 86]. The work of  Vu et al. [80, 81] have shown 
that incorporating CMS particles into two glassy polymers, Matrimid® 5218 and 
Ultem® 1000, successfully improved permeation properties over those of the 
original polymer matrices. 
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The promising potential of embedding CMS into polymers has led to numerous 
investigations that have been conducted in recent years. The nature of interface 
between the CMS and polymer is the first concern. Das et al. [87], have successfully 
improved the interface between the CMS and the polyimide polymer matrix and 
shown increased gas selectivity. This improved interface was achieved using p-
phenylenediamine as a coupling agent and a priming technique where the CMS are 
coated first with a small amount of the polymer. Rafizah et al. [85], used 30 wt% 
CMS nanoparticles with polysulfone (PSF). The CMS particles were treated in PVP 
bath solutions in order to improve the matrix sieve interfacial adhesion.  
Carbon Nanotubes (CNT)  
Carbon nanotubes (CNT) are cylindrical nanostructures carbon, which have 
significantly large length to diameter ratios. CNT can be fabricated as singular tubes 
(SWCNT) [88] or as a series of shells-referred to as multiwalled carbon nanotubes 
(MWCNT). They initially generated a research interest to be incorporated in 
polymers due to the possibility to offer an enhancement in the electrical and 
mechanical properties of nanocomposites [89-94]. In the gas separation industry, 
CNT are famed for their high diffusivity, high permeability and high affinity to 
hydrogen atoms. The high surface areas from the pores of CNT’s are noted to 
provide these high gas diffusivities. MWCNT in industrial applications are preferred 
over SWCNT because of their availability and relatively lower production cost [95]. 
In addition, MWCNT are noted to potentially possess even more adsorption sites 
owing to the presence of interstitial channel site [96]. However, as a general rule 
high permeability leads to a low selectivity, and CNT are no exceptions [97].  In 
order to keep the permeability high, while also increasing selectivity, a few 
modifications are usually required. Generally reducing the CNT diameters or with 
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the addition of functional groups, decreases the pore size of the CNT, helping to 
maintain selectivity. Furthermore, aligning CNT along the same direction allows for 
the formation of more efficient channels for gas permeations [98].  
The effects of surface modifications have been reported in many manuscripts. 
Rajabi et al. (2013) [99] conducted a study on the use of MWCNT with PVC as the 
polymeric component using both pristine and functionalized MWCNT. The 
nanocomposites were tested for their gas separation properties for CO2/CH4, CO2/N2, 
and N2/CH4 gas separation. The study looked at the effect of MWCNT loading 
concentration (0.5-5%) and feed pressure. It found increasing permeability and 
selectivity values with MWCNT loading for the functionalized MWCNT, while the 
pristine MWCNT study showed increasing permeability accompanied by decreasing 
selectivity, suggesting that the functionalized MWCNT exhibited better separation 
characteristics. Goh et al. (2012) [69] carried out some modification of the MWCNT 
before incorporating into polyetherimide (PEI). The modifications involved dry air 
oxidation and surfactant dispersion that the former resulted in MWCNT’s with lower 
concentration of amorphous carbon. This process produced more accessibility for the 
fast and smooth transport of gas molecules within the membranes, increasing their 
permeability while maintaining selectivity. Ismail et al. (2011) [96] conducted a 
similar modification process with a purification stage using an acid mixture in a bid 
to remove the carbon impurities. They then used 3-aminopropyltriethoxylsilane 
(APTES) to functionalise the surface of the MWCNT. To improve the dispersion of 
the MWCNT in the MWCNT/polyethersulfone (PES) membranes an organic solvent 
was used. Nanocomposites membranes with 1.0 wt.% functionalized MWCNT 
possessed better permeability and selectivity in comparison to pristine MWCNT. 
Sanip et al. (2011) [100] conducted a study on another functionalized  MWCNT 
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using polyimide (PI) as the polymer component using CO2/CH4 as gas pairs. The 
functionalization process involved the use of beta-cyclodextrin to improve the 
dispersion. The study investigated the influence of the functionalization by way of 
the loading concentration on gas separation properties. MWCNT loading range was 
0.5-1%. The optimum loading range in the study was 0.7% for CO2, where 
improvement in permeability and over 100% enhancement in selectivity were noted. 
Favvas et al. (2014) [101] functionalized MWCNT’s (via covalent modification) 
with phenol groups, a nanocomposite membrane with co-polyimide was formed and 
tested with He, O2 and N2 gases. An increase in permeability was found and 
associated to an increase in the free volume relative to the neat polymeric membrane. 
The porosity of membranes can be also used in CNT nanocomposites. Khan et 
al. (2013) [102] conducted a study on the use of MWCNT’s that were functionalized 
with polymers of intrinsic microporosity (PIM). The functionalization involved the 
use of polyethylene glycol (PEG), for better MWCNT dispersion. They showed a 
significant improvement on permeability relative to pristine MWCNT/PIM without 
loss of selectivity and suggested that the MWCNT helped in the establishment of 
micro and meso porous frameworks that increase the permittivity. 
As suggested, the alignment of CNT has also an important effect on the 
resulting membranes. A good image of such membranes with aligned CNT is 
presented in Figure 2.6 [103]. Kumar et al. (2012) [98], conducted a study on both 
dispersed and electrically aligned MWCNT’s using polystyrene (PS) based 
nanocomposite membranes. The study concluded that the electrically aligned 
MWCNT/PS nanocomposite membrane provided higher H2 permeability values. 
Both aligned and non-aligned MWCNT/PS provided higher H2 permeability values 
when compared to the pure PS membranes. Zhang et al. (2014) [104] used the 
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aligned tubes, which were obtained during the synthesis of CNT, in a nanocomposite 
membrane with parylene. Results revealed that vertically aligned CNT’s in parylene 
produced gas permeability that is about 30 times higher than that predicted by the 
Knudsen diffusion model. However, selectivity values were noted to be accurately 
predicted by the Knudsen model.  
 
 
 
Figure 2.6 (A) Dense MWCNT array as synthesized (scale bar 50 µm). (B) Schematic of 
MWCNT/polymer membrane structure. (C) Cross section of the actual MWCNT/PS 
membrane (adapted from [103]) 
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Perhaps, Sharma et al. (2010) [105] conducted the most comprehensive study 
for CNT fillers in nanocomposite membranes. The study incorporated all forms of 
CNT’s- single and multi-walled. Additionally, different forms of dispersion (aligned 
or random) were assessed using polycarbonate as the polymer component. It was 
noted that SWCNT fillers usually provide a higher permeability than MWCNT (in 
contrast to what was expected), and in addition, that aligned CNT’s provide higher 
permeability than dispersed. It was also concluded that the membranes were more 
selective to H2 than other gases of the study: N2 and CO2. 
Graphene 
Graphene is sheet of pure carbon that has the thickness of one atom with intriguing 
physical and chemical properties.  Beside the extraordinary mechanical strength of 
graphene, it is an efficient thermal and electrical conductive nanomaterial [106, 107]. 
In nanocomposite membranes, graphene are usually utilized to modify the thermal, 
electrical, optical and mechanical properties of the polymer matrix [108-111].  
The use of graphene as a filler in nanocomposite membranes for gas separation 
applications has not been intensively researched. Graphenes’ high aspect ratio can 
make it a good candidate as filler in gas separation nanocomposite membranes [108].  
Although graphene is not permeable to gas molecules [112], the introduction of 
graphene to polymeric matrices can exploit their morphologies and structures which 
can manipulate the  gas permeation properties of the nanocomposite. As the 
production of graphene flakes becoming increasing more cost effective, its use as a 
filler in nanocomposite membranes can be feasible for gas separation applications. 
However, synthesising membranes with well dispersed graphene flakes remains a 
challenge.  Kim et al. [108] have reviewed several previous attempted to incorporate 
  
40 
 
graphene in polymeric membranes where most of them resulted in a reduction of 
permeation due to the dispersion challenges. 
  
Bucky balls (C60) 
Bucky balls (C60), also known as fullerene, are pure carbon cages with hollow sphere 
structures that have carbon atoms at the vertices of the polygons attached by bonds 
along the edges [113]. Since the discovery, they have gained significant research 
interest because of their structures and good optical and electrical properties [113]. 
For gas separation applications, theoretically, C60 as filler could increase the free 
volume by inhibiting molecular chain packing of the base polymer and thus increase 
permeability [114]. However, several studies have reversely shown a decrease in 
permeability with the use of C60 using several base polymers such as Matrimid [115], 
poly- (1-trimethylsilyl-1-propyne) (PTMSP) [63] and poly(2,6-dimethyl-l,4-
phenylene oxide) (PPO) [116].  Interestingly in a more recent study Sterescu et al. 
[113] eventually reported an increase of permeation using C60 as a filler in PPO in 
agreement with the theoretical studies. This study showed an increase of CO2, O2 and 
N2 permeation (up to ~80%) with the increase of the C60 content within the PPO 
matrix. The increase in permeability was ascribed to the covalent bonding of C60 in 
the PPO rather than common dispersion.  
 
2.6.2 Metals and their oxides   
Metals 
The incorporation of metal as nanofillers is an attractive process that can help in 
tuning of the membrane composites.  Depending on their nature, metals can cause 
different alterations to the base polymers properties. In general, as with other 
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nanofillers they can allow for an increase in free volume between the metal-polymer 
interface leading to an increase in permeability, where the addition of the metal 
fillers leads to relaxation in the chain packing of the polymer matrix. Xiao et al. 
[117] used silver nanoparticles as fillers for a nanocomposite membrane with 
sulfonated poly (aryl ether ketone) (SPAEK). Major increases to both permeability 
and selectivity were found. This improvement was ascribed to the strong interactions 
between the silver ions and the polar groups in the polymer matrix creating a more 
porous structure. Suhaimi and Ahmad (2014) [118] used palladium (Pd) particles as a 
filler in PSF. The resultant nanocomposite membranes were tested for gas separation 
performance on the basis of metal concentration loading using H2 and N2 as test 
gases. The Pd filler was noted to improve the selectivity of H2/N2 by seven-fold and 
permeability of H2 by three fold, with peak values at 3wt% loading. The 
improvement was associated to asymmetric structures formed by the addition of the 
Pd nanoparticles. Many metals such as gold (Au) and silver (Ag) are also good 
catalysts forming PCMRs [24, 25]. There are also other metal properties that affect 
the nanocomposite membranes. For example, Vanherk et al. [119] increased gas 
permeability of PI membrane by adding Au nanoparticles. Upon zapping the 
membrane with a laser source, Au nanoparticles help in absorbing the light energy, 
increasing the temperature of the membrane. This heat expands the polymeric chains, 
facilitating flux increase in the process without affecting selectivity. Li et al.[120] 
build on the work of Vanherk et al. (2013) and conducted a study on the effect of 
heat releasing nanoparticles on permeability by using hydrophobic membranes.  
Metal nanoparticles are also full of charge that can help in the separation of 
polar materials. Kang et al. [121] conducted a study on the impact of Au 
nanoparticles added into PVP on propylene/propane gas separation. Improved 
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selectivity values of up to 22 times that of pristine PVP were reported. They 
associated this change to the presence of excessive charge in nanoparticles attracting 
carbon double bonds and facilitating their transport. Similarly, Kang and Kang [122] 
and Mun et al.  [123] saw the same effect for silver nanoparticles.  
Metal oxides 
Metal oxide fillers can lend many properties to nanocomposite membranes. Metal 
oxide can vary from very electrically conductive such as indium tin oxide (ITO) to 
very insulating such as silica (SiO2) and aluminium oxide (Al2O3). Similarly, their 
thermal conductivities can cover a broad range [124]. Whether a metal oxide has a 
small or no bandgap (such as ITO) or a wide bandgap (such as glass – SiO2) it can 
interact with photons very differently and also show various or no catalytic 
properties [125]. Some metal oxides such as WO3 and TiO2 are famous for their 
catalytic properties [126] and their strong polarity [127]. Additionally, the surfaces of 
metal oxides also play an important role in the interaction with polymer chains, 
whether there is any dangling bonds or if they possess hydrophobic or hydrophilic 
end parts [128, 129]. The morphologies of metal oxide nanofillers are also very 
important. Materials such as TiO2 and Nb2O5 can be made into nanotubes which 
allow very similar effects to be seen as the incorporation of CNT [130, 131]. Metal 
oxides with the right conductive band edge and band gap can also help in improving 
both permeability and selectivity at the same time, as they can facilitate the 
disruption of chain-packing (thereby improving permeability) while also interacting 
with gas molecules improving selectivity reactively. [62, 132, 133].  
Insulating metal oxides such as SiO2 have been commonly used for improving 
the permeability of membranes. One of the good examples is the work of  Kusakabe 
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et al. [134]  who developed SiO2/PI nanocomposite membranes. It was noted in the 
study that the CO2 permeability of the nanocomposite membrane was about 15 times 
higher than that of pure PI And the selectivity of CO2/ NO2 was noted to be 25. In 
contrast, Joly et al. [135] also researched the gas transport properties of SiO2/PI 
nanocomposite membranes. The study showed that though there were improvements 
in the permeability and selectivity properties, the impact was not as pronounced as 
the Kusakabe et al. study. Permeability values were noted as 2.8 Barrer for the 
SiO2/PI hybrid in comparison to 1.8 Barrer for the polyimide in isolation, suggesting 
an improvement of less than double. Moaddeb and Koros [61] conducted a study on 
the effect of adding SiO2 fillers into 6 different polymers inclosing  polycarbonate 
(PC) and tetramethyl hexafluoro polysulfone (TMHFPSF). The nanocomposite 
membranes showed an increase in selectivity of O2/ N2, with an apparent increase or 
no major loss in O2 permeability. There are also other reports on SiO2 fillers using 
other base polymers such as ethylene vinyl acetate [136] and PE [137]. 
Other commonly used insulating metal oxide fillers for making gas permeable 
nanocomposite membranes are MgO (band gap of 7.8 eV), ZrO2 (bandgap of > 5 eV) 
and Al2O3 (bandgap of 8.8 eV). Matteucci et al. [138] used MgO with PTMSP and 
revealed an increase in permeability of up to 50 times higher relative to pure PTMSP 
for CO2, CH4, N2 and H2. Hosseini et al. [139] conducted a study on the gas 
separation properties of MgO/Matrimid membranes with particle loading as the 
controlled variable. The critical particle loading was noted to be 40 wt% with 
significant increases in permeability noted, while selectivity decreased. The study 
postulated the larger pore size of MgO relative to gas molecule size as the reason 
behind such changes. Wang et al. [140] conducted a study on Al2O3 fillers and their 
impact on pervaporation transport properties using a mixture of methanol and methyl 
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tert-butyl ether. It was noted that significant improvement was seen in the separation 
(48%) and flux (97%) properties of the membrane. Genne et al. [33] conducted a 
study on a composite membrane of ZrO2/PS. The separation properties were tested 
with water and increased flux performance of the membrane was noted with an 
increasing particle loading. 
Semiconducting metal oxides such as TiO2 (bandgap ~3.2 eV) and Fe2O3 
(bandgap ~2.1 eV) have been shown to be used in membrane nanocomposites.  Both 
physisorption (at room temperature) and chemisorpotion (at high temperatures or 
applied energies) can play important roles in the reactive properties of such 
membranes. While the large bandgap metal oxide fillers require UV or near UV light 
to show any catalytic activity, the smaller bandgap materials can demonstrate such 
properties at visible light or even at IR heat for those with bandgaps smaller than 
1 eV.  It is important to note that the semiconducting metal oxides can still show the 
same properties of insulating metal oxides, if they are not energized. They can be 
used for polymer chain packing disruption, which increases the free volume fraction. 
TiO2 has probably been the most used catalytic material in gas permeable 
nanocomposite membranes. It has been used as a filler in fluorinated poly(amide-
imide) by Hu et al. [141] where the study showed an improvement in selectivity by 
over 30% for H2/CH4. This selectivity improvement was ascribed to the interactions 
between the selected gas species and TiO2. Additionally, TiO2 based nanocomposite 
membrane had a denser and a more rigid structure when compared to the 
corresponding pure poly(amide-imide) membrane (Figure 2.7 shows an example of 
PES/TiO2 membrane [11]). Another study conducted by Yave et al. (2007) [142] 
showed an increase of the permeability and selectivity of butane/methane gas pair 
with the addition of TiO2 in poly (4-methyl-2-pentyne) (PMP). The observed higher 
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permeability was attributed to the disruption of the polymer chain packing, while the 
selectivity increase was ascribed to the condensability of the gas C4H10 permeability 
and had preferable passage through the membrane over the non-condensable gas 
CH4. Sun et al. [143] employed PI with TiO2 to form nanocomposite membranes and 
noted a superior O2 permeability, while also increasing selectivity of O2/N2 by over 4 
times, both relative to conventional PI membranes. Matteucci et al.  [144] conducted 
a study on the impact of TiO2 nanoparticle loading on the gas separation properties of 
TiO2/PTMSP nanocomposite membranes. The study noted an unusual density 
reduction beyond 7 vol% loading, which, as postulated by the study, signifies the 
induction of void space. CO2 and N2 were employed for testing of gas separation 
properties and the study noted a fourfold increase in permeability of the gases as a 
result of increased nanoparticles loading. The study also noted the negligible impact 
of the TiO2 nanoparticles loading on selectivity. Matteucci et al. [145] also conducted 
a similar investigation with another polymer, 1,2-polybutadiene (PB), critical TiO2 
nanoparticles (27 vol%) loading in the study was higher than that of the previous 
study (7 vol%).  
Ahmad and Hagg [146] fabricated TiO2/PVC  nanocomposite membranes for 
gas separation performance as a function of filler loading, feed pressure and 
operating temperature. It was noted that feed pressure has no effect on the gas 
separation properties. Adjusting filler loading could be used for increasing both 
permeability and selectivity, while tuning the operating temperature led to an 
increase in permeability and a decrease in selectivity. Moghadam et al. [147] 
conducted a study on the effect of TiO2 loading concentration on gas separation 
properties of a TiO2/Matrimid nanocomposite membranes. Gas separation 
characteristics were conducted on O2, He, CH4, N2 and CO2 as well as gas pairings 
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between the noted gases. Findings showed that permeability generally increased with 
an increase in loading concentration, while selectivity decreased.  In addition to 
TiO2, WO3 is also a great material for forming nanocomposite membranes [148] that 
can also be used for gas membrane permeation due to its high stability and relatively 
smaller bandgap than that of TiO2. 
Dudek et al. [149] conducted a study with the use of catalytic and magnetic 
(which will be discussed later) Fe3O4 nanoparticles. In the study, nanoparticles were 
used in conjunction with poly (2,6-dimethul-1,4-phenylene oxide) and varied the 
concentration of magnetic nanoparticles (0-10 wt%). They used the membranes for 
O2/ N2 gas pair separation and the extent of permeability and selectivity were 
investigated. Findings showed that diffusion was enhanced considerably (close to 
five times) for N2 transport in Fe3O4 (at 10 wt%) nanocomposite membranes relative 
to its pure polymer base. The effect on O2 was much less pronounced.   
 
Figure 2.7 SEM images of the morphology of PSF/TiO2 membranes with (a) 0 wt.% TiO2 
(scale bar 100 µm), (b) 1 wt.% TiO2, (c) 2 wt.% TiO2, (d) 3 wt.% TiO2, (e) 5 wt.% TiO2, and 
(f) e's local magnifying figure. (adapted from [11])  
100 µm 50 µm 50 µm 
50 µm 50 µm 10 µm 
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2.6.3 Nanoporous Zeolites 
Among nanoporous inorganic solids, zeolites which are a class of crystalline 
aluminosilicates with interconnected pores of 4 to 13 Å [48, 70, 150], are increasing 
playing important roles in the development of membranes. Zeolites are generally 
fabricated using slow crystallization of a silica-alumina gel in the presence of alkalis 
and organic templates. The morphologies of such zeolites depend on the reaction 
mixture composition, pH, process temperature, 'seeding' time, and the templates 
used. However, applications of zeolites in polymeric membranes are often 
disadvantaged by various issues, such as their synthesis using a template, general 
requirement for high temperature processes for their formation and limited choice of 
structure types [70, 151]. 
The popularity of zeolites is primarily due to their porous structure, which 
allows for excellent gas separation properties on the basis of size or shape, owing to 
their ability to form molecular sieves and by extension, facilitating high selectivity of 
gases in the process [70].  
Zeolite’s particles size can add an extra degree of freedom to develop 
nanocomposite membranes with tailored properties. Huang et al. [152] developed 
PES membrane with incorporated nanosized and microsized zeolite 4A and 
investigated the effect of particles size on gas permeation and separation of the 
nanoscomposite membranes. They showed significant enhancement of gas selectivity 
especially for membranes with incorporated zeolite nanoparticles in comparison to 
the microsized particles. Furthermore, gas permeability trends increased with the 
utilization of the nanosized zeolite. This permeability increase was attributed to the 
difference in Si/Al ratio between nanosized and microsized zeolites and better 
nanoparicles/polymer interfacial adhesion. Huang et al. [153] in another study, 
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fabricated PI and PES nanocomposites filled with nanosized zeolite 4A. Zeolite 
4A/PES nanoscomposite membranes demonstrated increase in both permeability and 
selectivity with respect to pure PI which was more pronounced at higher zeolite 
concentrations. Selectivity enhancement was attributed to pore sieving. 
Wang et al. investigated zeolite 4A/PES membranes [154]. They observed an 
enhancement in both gas permeability and selectivity in comparison to pure PES 
after the incorporation of nanosized zeolite particles, which they ascribed to the 
reduction of interfacial voids as well as the polymer chain packing. Lind et al. [155] 
incorporated three different sized zeolites (ranged between100-300 nm) in 
polyamide. The introduction of zeolites nanoparticles has enhanced the gas 
selectivity of the polymeric membranes. It was shown that the dimensions of zeolite 
particles could largely affect the structural morphologies of the nanoscomposite mix 
(Figure 2.8). In this case, smaller zeolites increased the permeability further. 
 
 
Figure 2.8 SEM images of polyamide and zeolite-polyamide membrane surfaces: (a) 
nodular (for larger sized nanoparticles) and (b) leaf like (for smaller sized nanoparticles) 
surface structure 
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2.6.4 Other nanofillers 
There are also many other inorganic materials and effects that can be implemented in 
polymeric compounds with inorganic fillers for creating novel gas separation 
membranes.  
There are reports regarding the formation of silver ions into nanocomposite 
membranes from silver particles for engineering the gas permeability of 
nanocomposites [156-160]. Such reports show that silver ions dissolved in a polar 
polymer containing oxygen atoms, exhibit high separation performances [157]. 
Merkel et al. has studied the effect on permeation performance of adding AgBF4 into 
poly(vinylidene fluoride) (PVDF) based membranes [158] andfound that Ag+ ions 
decrease the solubility of the gases by increasing the density of the membranes 
matrix.      
Transition metal dichalcogenides (such as MoS2 and WS2) have been 
embedded into polymer matrix for several applications [161-165]. Their small 
bandgap could make them a potential candidates as a filler to synthesis PCMR or 
nanocomposite membranes for gas separation applications. Other small bandgap 
materials can also show similar effects. For instance, cadmium sulfide (CdS) 
nanoparticles have been incorporated with several weight amounts in acrylonitrile 
butadiene styrene (ABS) [166]. Gas permeability tests for the resultant 
nanocomposites revealed an increase in permeation of all tested gases as the loading 
of CdS increases, which was attributed to the disruption of polymer chain packing. 
Furthermore, CdS’ polar structure increased the permeation of CO2 gas which played 
a major role in the enhancement of the nanocomposites selectivity which was 
observed for concentrations up to 1%.   
  
50 
 
Many metal nitrides have been used as fillers in making membranes. Some 
metal nitrides have high thermal conductivities (aluminium nitride (AlN)) and adding 
them into the polymer matrix can enhance thermal conductivity of nanocomposites. 
Good examples of such mixed materials are AlN/PS and AlN/PEEK nanocomposites 
[167-169]. These membranes can potentially alter their gas permeation upon a 
change of temperature. Metal nitrides such as titanium nitride (TiN), which are 
efficient catalysts [170], can also be another unexplored candidate to fabricate 
nanocomposite membranes for gas separation applications with reactive properties.  
Magnetic nanofillers are suggested to be used for creating magnetic channels. 
Rybak et al. (2013) [171] employed an alloy of neodymium, iron and boron 
(Nd2Fe14B) magnetic powder as a filler for ethylcellulose and PI. The fabricated 
membranes were tested using O2 and N2. The membranes saw noticeable 
improvements in their permeability values, particularly for oxygen. It is suggested 
that in these nanocomposite membranes, magnetic fillers created preferential 
permeation pathways for selective permeability of paramagnetic O2 while posing as a 
barrier for undesired diamagnetic N2. 
 
2.7 Summary 
In this Chapter, the author presented a comprehensive review regarding inorganic 
nanofillers in polymeric membranes for gas separation and removal. The text 
included gas separation mechanisms in polymeric membranes, nanocomposite 
membranes’ preparation methods, and their gas transport mechanism. Furthermore, 
the author presented an overview of the common nanofillers types and their 
composites.  
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 In the next Chapter, the author will present his achievements in the 
development of carbon black (CB)/polydimethylsiloxane (PDMS) nanocomposite 
membranes for gas separation. The author will discuss in detail, the fabrication 
process, characterization and the investigation of incorporating CB filler in PDMS to 
enhance the separation performance of such membranes.  
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Chapter 3. Nanocomposite Carbon-PDMS 
Membrane for Gas Separation 
 
3.1 Introduction 
In this Chapter, the PhD thesis author presents his work on developing 
polydimethylsiloxane (PDMS) based nanocomposite membranes with different 
concentrations of carbon black (CB) nanofillers. The author comprehensively 
evaluates the effect of incorporating CB nanofillers on gas selectivity and separation 
of the membranes. As presented in Chapter 1, the author hypothesize that introducing 
CB into PDMS would improve the selectivity of the membrane because of CB 
affinity to hydrogen atoms. To evaluate this hypothesis, the developed 
nanocomposite membranes were used in conjunction with a commercial 
semiconducting methane (CH4) gas sensor that had a strong cross-talk with hydrogen 
(H2) gas. The selectivity of the CB-PDMS nanocomposite membranes for gas 
separation was assessed using CH4 and H2 gas molecules. The gas separation 
properties of the nanocomposite membranes were correlated to their chemical 
structures as determined by vibrational spectroscopy and other characterization 
methods. 
The contents of this Chapter were published as a full article in the journal 
Sensors and Actuators B: Chemical [1].  
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3.2 Experimental 
3.2.1 Membrane Preparation 
Four different nanocomposite CB-PDMS membranes were prepared with CB weight 
percentages ranging from 2 wt% to 15 wt%. First, the PDMS (Sylgard 184, Dow 
Corning) was prepared using 10:1 mixture of the base polymer and the curing agent. 
Next, CB powder (Vulcan XC72R, Cabot Inc.) was added to the PDMS matrix at the 
desired percentage by weight (2%, 6%, 10% and 15%). The mixtures were then 
vigorously mixed until homogeneous pastes were obtained. After that, these pastes 
were placed in vacuum oven at 60 °C for ~10 minutes for degassing. Finally, 7 g of 
the pastes were casted and leveled on glass plates and cured at room temperature for 
over 2 days. This resulted in membranes with similar thicknesses of 0.08 ± 0.02 mm. 
3.2.2 Characterization of CB-PDMS Membranes 
The pure, reference PDMS and the nanocomposite CB-PDMS membranes were 
characterized by electron microscopy and vibrational spectroscopy techniques. The 
membrane cross-section was studied using FEI Nova NanoSEM scanning electron 
microscope. The Fourier transform infrared (FTIR) spectra of PDMS and CB-PDMS 
membranes were recorded using a Thermo Nicolet 6700 spectrophotometer at a 
resolution of 4 cm−1. A Renishaw InVia Raman spectrometer was used to perform 
micro-Raman characterization of the samples, which were analyzed at 633 nm 
wavelength using a laser power of 1.7 mW and with 20 s exposures with 
3 accumulations. 
3.2.3 Gas Sensing Setup 
To measure the response and selectivity of these membranes to CH4 and H2, a gas 
chamber was custom designed as shown in Figure 3.1. The setup is made of a main 
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gas chamber with the dimensions of 17 cm × 12 cm × 5 cm. The gas chamber has an 
inlet and outlet that allow the target gases to enter and leave. The chamber also has a 
0.5 cm radius recess, where the membrane under investigation is placed. Outside the 
chamber, a commercial gas sensor is fixed against this membrane (see inset of Figure 
3.1). The sensor and membrane are sealed in a way that only the diffused gas from 
then chamber and through the membrane can affect the sensor. A commercial and 
accurately calibrated CH4 semiconducting gas sensor (TGS 2611, Figaro, Inc., USA) 
was used in these experiments in order to continuously measure gas concentration 
that passed through the membrane to interact with this sensor. This sensor was 
chosen as, in addition to CH4, it also shows a strong response to H2. This cross-
response is desirable because the sensor can be practically used for assessing the 
selectivity of the different membranes to CH4 and H2. According to the data sheet for 
TGS 2611 CH4 sensor, response of this device to CH4 is approximately 1.5 times 
larger than its response to H2 for the same concentration of the gases (this ratio is 
only accurate in the range of 0.5–1.0% of these gases in ambient air). 
A mass flow controller (MKS Instruments, Inc., USA) is used to feed the 
chamber with gas. The sensor measurements were acquired using a custom-made 
data acquisition system and analysed using a MATLAB software-based program. 
3.3 Results and Discussion 
The nanocomposite CB-PDMS membranes were characterized using electron 
microscopy and vibrational spectroscopy techniques, to determine the characteristics 
of the CB-PDMS bonds at different CB concentrations. 
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Figure 3.1 Gas sensing setup depicting locations of the gas selective membrane and the gas 
detection sensor (not to scale). 
 
3.3.1 Membrane Characterization by Microscopy and Vibration Spectroscopy  
Cross-sectional electron microscopy Scanning electron microscopy (SEM) was 
used to examine the morphology of the surface of the membranes as well as the 
distribution of the CB nanoparticles into the polymer. For CB-PDMS 
nanocomposites lower than 10 wt%, samples have been coated with gold to prevent 
charging as these samples have a very low electrical conductivity [2]. 
Figure 3.2 shows the SEM micrographs of the prepared CB-PDMS composites. 
It was observed that particle dispersion was reasonably homogenous for all samples. 
The size and shape of the particles appeared irregular ranging in the order of 70–
110 nm. Visually it was seen that as the concentration of CB increased in the 
polymer, the dominant PDMS structure with CB particles changed to a composite 
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structure. No exceptional morphological behaviour was observed after the addition of 
CB particles at different concentrations. 
 
Figure 3.2 Cross sectional micrographs of nanocomposite CB-PDMS membranes of 
different concentrations showing distribution and particle size, respectively for: 2 wt% CB in 
(a) and (b); 6 wt% CB in (c) and (d); and 15 wt% CB in (e) and (f). 
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FTIR studies Figure 3.3 shows the FTIR spectra of pure PDMS and the different 
CB-PDMS wt% composites. In the FTIR spectrum of pristine PDMS [3], –CH3 
deformation vibration signatures, appear between 1400-1420 cm-1 and between 
1240-1280 cm-1. The latter peak can be observed in Figure 3.3 at 1240 cm-1 and this 
appear to have a minor back shift as the percentage of CB increases in PDMS. A 
broad, multi-component peak ranging from 930-1200 cm-1 corresponding to 
symmetrical Si-O-Si stretching is also present. The peak at 918 cm-1 decreases and 
shifts to significantly lower wave numbers as the concentration of CB increase in 
PDMS. At 6 wt% CB in PDMS the ratio between the two transmissions at 918 cm-1 
and 944 cm-1 is changing (peaks with marked region in Figure 3.3). Similar to 
previous reports [3-5], Si–C bands and rocking peaks for Si(CH3)2 are observed in 
825–865 and 785–815 cm−1 regions, respectively. 
 
Figure 3.3 FTIR spectra for the pure and nanocomposite CB-PDMS membranes of 
different CB concentrations. 
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Raman Spectroscopy studies  The Raman spectrum of the PDMS membrane is 
presented in Figure 3.4a, with peaks that agree with typical PDMS spectra presented 
in previous works [6]. It has a Si–O–Si symmetric stretching peak at 488 cm−1. The 
Si–CH3 symmetric rocking appears around 607 cm−1. At 708 cm−1 and 787 cm−1, Si–
C symmetric stretching and CH3 asymmetric rocking appear, respectively. CH3 
symmetric rocking, symmetric bending, asymmetric bending, symmetric stretching, 
and asymmetric stretching show around 862, 1262, 1412, 2907, and 2965 cm−1, 
respectively [6]. 
After incorporating CB into PDMS, the Si–O–Si symmetric stretching band at 
488 cm−1 of the pure PDMS appears to fadeout as the concentration of CB increases 
(Figure 3.4b). It is also observed that at 6 wt% the 607 cm−1 the Si–CH3 symmetric 
rocking is the weakest of all mixtures. In contrast, pure CB powder has two first-
order peaks around 1350 and 1580 cm−1 which correspond to disordered and 
crystalline (graphitic) carbon, respectively [7]. These bands are relatively equal in the 
CB-PDMS composites. It can be seen from Figures 3.4b and c that as the 
concentration of CB increases, the intensity of these peaks increases. The peaks 
around 620 cm−1 are attributed to Si–C stretching band. 
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Figure 3.4 Micro-Raman spectra for: (a) pure PDMS; (b) three different CB concentrations 
in CB-PDMS composite membranes; and (c) marked wave number range in (b). 
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3.3.2 Gas Permeability and Selectivity 
The permeability and selectivity of the membranes were tested at different 
concentrations of CH4 and H2 in ambient air, using the mass flow controller setup 
that was presented in Section 3.2.3. The measurements were conducted while the 
membranes were kept at room temperature and the Figaro sensor was biased as 
recommended (5 V DC applied to its heater) by the manufacturer and, during the gas 
exposure, the resistance across it was measured every 10 s. In order to assess the gas 
permeability and cross talk for the membranes, the mass flow controller generated 
gas streams of different concentrations of CH4, H2, and their mixtures in ambient air 
were pumped into the chamber. First, 0.5% and 1.0% H2 (in ambient air) were 
pumped, followed by ambient air after each cycle to allow for the sensor recovery. 
Subsequently, 0.5% and 1.0% CH4 (also in ambient air) were pumped into the 
chamber, similarly with ambient air between the two cycles for recovery. At the end, 
a mixture of 0.5% H2 and 0.5% CH4 were pumped to observe the effect of a mixed 
gas environment.  
The exposure time for which different gas concentrations were pumped into the 
chamber was 15 min for CH4 and 10 min for H2 (due to its relatively faster gas 
diffusion through the membranes), while the ambient air for recovery was pumped 
for 20 and 30 min in between and after exposures, respectively. It was observed that 
the exposure time of 10 min was also sufficient for the mixture of CH4 and H2. 
As these gases were pumped into the chamber, the commercial CH4 sensor 
behind the different membranes was used for measuring the concentrations of the 
analyte gases that passed through the membranes (Figure 3.1). Employing the 
commercial sensor in conjunction with the pure PDMS and nanocomposite CB-
PDMS membranes, when subject to different gas species and concentrations, the 
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relative permeability ratios of different membranes for various gas species were 
determined. The dynamic response of sensing system at different concentrations of 
gases is shown in Figure 3.5, where the variation in resistance of the commercial 
sensor RS as a function of gas exposure over time is presented. All measurements 
were taken at room temperature. 
As can be seen in Figure 3.5, for 2, 6, and 15 wt% CB-PDMS composites, the 
response magnitudes and their trends were fairly similar upon exposure to both 0.5% 
and 1.0% H2 and fell within the maximum and minimum 50% range of the values. 
Additionally, at these mixtures the baselines were quite stable. However, at 10 wt% 
CB composite and to a lesser degree for the pure PDMS, the baselines gradually 
shifted upwards and were not as stable. This effect resulted in a change in the value 
of RS when the H2 concentration increased, which disordered the H2 response trend. 
The baseline shift effect was dramatically reduced after repeated measurements, 
when both the membranes and sensor reached a high degree of stability. 
 
 
Figure 3.5 Dynamic response of the sensor-membrane system on exposure to different gas 
concentrations and mixtures. 
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To assess the membranes’ gas selectivity and their relative permeability for 
each gas species, we obtained the normalized permeability for each case (Figure 3.6). 
First, responses of the sensor/ membrane systems to H2 gas was multiplied by 1.5 
due to the fact that the Figaro gas sensor response to a H2 gas concentration is 1.5 
less than that of the same concentration of CH4. Second, the response of the system 
incorporating 2 wt% CB in PDMS membrane to H2 was used as the base for the 
normalization, as it provided the largest response. It should be considered that before 
the normalization the responses of the membranes to H2 gas was multiplied by 1.5 
due to the fact that the Figaro gas sensor response to a H2 gas concentration is 1.5 
less than that of the same concentration of CH4. As can be seen in Figure 3.6, the 
presence of CB in PDMS has slightly enhanced the permeability to H2 through the 
composite membranes. This is in agreement with my earlier hypothesis that carbon 
loading enhances H2 diffusion, as carbon has an affinity to H2. Conversely, 
embedding CB in PDMS has significantly attenuated the permeability of the 
membranes to CH4. The optimum condition for almost completely blocking CH4 
diffusion, while allowing the passage of H2, was obtained at 6 wt% CB loading. 
 
 
Figure 3.6 Normalized relative permeability of CB-PDMS membranes to various 
concentrations of CH4 and H2 in ambient air. 
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A described in Section 3.3.1 and revealed from my FTIR investigations 
(Figure 3.3), at 6 wt% CB in PDMS, the ratio between the two transmissions at 918 
cm−1 and 944 cm−1 changes. This appears to relate to the membrane permeability to 
CH4 as I have more non-polymerized bonds between Si and O, which facilitate the 
interaction of CH4 with the membrane. Moreover, Si–C bands around 825–865 cm−1 
and rocking in Si(CH3)2 in 785–815 cm−1 were also observed. These changes suggest 
that the 6 wt% CB PDMS composite is a transition point, where the chemical bond 
structure starts to change. This transitory structure appears to be responsible for CH4 
blockage. As the concentration of CB increases, the CB-PDMS bonds start to 
become increasingly cross-linked, which again enables CH4 permeation [8]. 
From the Raman spectra (Figure 3.4), it was seen that at 6 wt% the Si–CH3 
symmetric rocking is the weakest, in comparison to the other CB concentrations. As 
a result, it is likely that at this concentration, Si establishes the optimum number of 
bonds with the carbon from the CB matrix. 
The results obtained from the vibrational spectroscopy analyses (FTIR and 
Raman) both suggest and support that Si–O bond plays a major role in the membrane 
permeability characteristics. As the concentration of CB reaches 6 wt%, a chemical 
transition exists, where the number of non-polymerized Si–O bonds increase, which 
appears to relate to the prevention of CH4 molecules from passing through the 
composite membrane. Moreover, as the concentration of CB reaches 15 wt%, the 
microscopy and vibrational spectra indicate that PDMS is significantly modified 
resulting in a new composite material. 
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3.4 Summary 
In this Chapter, the author of this PhD thesis developed a number of weight 
concentrations of CB in PDMS nanocomposite membranes. The effect of the CB 
concentration on membrane selectivity to CH4 and H2 was studied. It was found that 
in general the presence of CB in PDMS enhances the selectivity of the membranes 
toward H2 over CH4. A specific, optimal weight ratio of CB (6 wt%) in PDMS was 
found to produce nanocomposites with increased selectivity to permeation of H2 by 
efficient blocking of CH4. Such selective permeability membranes can enable in situ 
selective H2 gas measurement, using low cost semiconducting gas sensors, as most 
semiconducting gas sensors are also sensitive to CH4 and other gas species. I plan to 
extend this study in the future by testing these membranes in both aqueous 
environments. 
 In the next Chapter, the author will present his achievements in the 
development of multiwalled carbon nanotube (MWCNT)/PDMS nanocomposite 
membranes for gas separation in order to assess the effect of MWCNT incorporation 
into PDMS. The author will discuss, in detail, the fabrication process, 
characterization and the investigation of incorporating MWCNT filler in PDMS to 
enhance the separation performance of such membranes in comparison to CB.  
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Chapter 4. CNT/PDMS composite membranes for H2 
and CH4 gas separation  
 
4.1 Introduction 
In this Chapter, the PhD thesis author presents his work on developing 
polydimethylsiloxane (PDMS) nanocomposite membranes incorporating different 
concentrations of multi-walled carbon nanotubes (MWCNT). The author 
comprehensively evaluates their gas permeation and separation properties for 
hydrogen (H2) and methane (CH4) gas species.  
As mentioned in Chapter 1, the nanoscale dimensions of MWCNT provide 
large surface-to-volume ratio, and hence, increase the chances of permeated gas 
interaction with their surfaces [1]. Furthermore, MWCNT also have high energy 
surfaces that can interact with most of the gas molecules [1]. Based on the 
justifications presented in Chapter 1 and the results demonstrated in previous Chapter 
on the performance of carbon black (CB)/PDMS nanocomposite membranes, the 
author hypothesise that incorporating MWCNT into PDMS would lead to the further 
enhancement of the nanocomposite membranes separation ability of H2 and CH4 in 
comparison to CB and that the separation can occur at much lower concentration 
than that of membranes with incorporated CB. The intention of this Chapter is to 
validate these hypotheses, which will be verified by developing and analyzing 
nanocomposite membranes consisting of varying concentrations of MWCNT 
dispersed within PDMS. Also, to identify conditions for optimum performance, gas 
separation properties of these nanocomposite membranes for separating H2 and CH4 
gas species will be evaluated, and correlated by the chemical structure as determined 
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by electron microscopy, vibrational spectroscopy, and X-ray photoelectron 
spectroscopy (XPS). 
The contents of this Chapter were published as a full article in The 
International Journal of Hydrogen Energy [2].  
4.2 Materials and Methods 
4.2.1 Membrane Preparation 
For the fabrication of polymer nanocomposites membranes, PDMS (Sylgard 
184, Dow Corning Corporation) and MWCNT with outer diameter of 20–40 nm and 
length of 10–30 µm (Cheap Tubes, Inc.) were utilised. Beside pure PDMS 
membrane, three different MWCNT-PDMS nanocomposite membranes were 
prepared with MWCNT weight percentages including 1%, 5%, and 10%. First, 
MWCNT’s were dispersed in toluene, to facilitate effective and uniform dispersion 
of MWCNT within the PDMS viscous matrix. The toluene/MWCNT suspension was 
then added to PDMS base followed by vigorous manual mixing. The mixture was 
then sonicated in an ultrasonic bath for 0.5 h before being mechanically stirred for 1 
h at 70 °C to evaporate the toluene solvent. Allowing the mixture to cool to room 
temperature, PDMS curing agent was added at a weight ratio of 1:1 to PDMS base. 
The mixture was stirred for 10 min before drop casting and levelling on petri dishes 
with dimensions of 100 mm diameter and 15 mm depth. These petri dishes were 
placed in vacuum oven for 1 h at 70 °C to degas and allowed to cure at room 
temperature for a period of 2 days. The resultant membranes had similar thicknesses 
of approximately 100 µm and were sectioned into 20 mm × 20 mm squares for 
permeability measurements. 
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4.2.2 Microstructural and Spectroscopic Analyses 
The characterization of pure PDMS and nanocomposite MWCNT/PDMS 
membranes was conducted using electron microscopy techniques, vibrational 
spectroscopy, and XPS. An FEI Nova NanoSEM scanning electron microscope 
(SEM) was used to image and study the cross-sectional morphology of the 
membranes. A Thermo Nicolet 6700 spectrophotometer was used to record the 
Fourier transform infrared (FTIR) spectra of PDMS and MWCNT/PDMS 
membranes. Micro-Raman characterization of the samples was performed using a 
Renishaw InVia Raman spectrometer at 633 nm wavelength and 20 s exposures over 
3 accumulations with a laser power of 5 mW. XPS was performed using a Thermo 
Scientific K-alpha instrument with an Al Kα source.  
4.2.3 Gas Sensing Setup  
A gas chamber setup, shown in Figure 4.1, was designed and implemented to 
conduct measurements on the permeability and selectivity of the membranes to CH4 
and H2. The setup was comprised of the membrane under examination, placed 
adjoining the main gas chamber of dimensions 17 × 12 × 5 cm3. The chamber 
contains a 0.5 cm radius opening with a semiconducting gas sensor fixed to the 
membrane outside of the chamber (see inset of Figure 4.1). The sensor was housed in 
such a way that only the diffused gas passing through the membrane could affect its 
response. An accurately calibrated commercial CH4 semiconducting gas sensor 
(TGS 2611, Figaro, Inc., USA) was used to monitor the concentration of the gases 
diffused through the membrane. This sensor was chosen for the strong response it 
shows to H2 in addition to its sensitivity to CH4. This cross-response was desirable 
making it practical for assessing the selectivity of different membranes to CH4 and 
H2. From the data sheet for TGS 2611 CH4 sensor, the response of this device to CH4 
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is approximately 1.5 times larger than its response to H2 for the same concentration 
of the gases.  
A mass flow controller (MKS Instruments, Inc, USA) was used to regulate the 
gas feed to the chamber. The sensor measurements were attained using a custom data 
acquisition system using a custom design LABVIEW software-based program. 
 
 
Figure 4.1 Schematic of the gas sensing setup illustrating the gas sensing module and 
location of the gas selective membrane (not to scale). 
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4.3 Results and Discussions 
4.3.1 Microstructural and Spectroscopic Analyses 
The nanocomposite MWCNT/PDMS membranes were characterized using 
SEM, vibrational spectroscopy techniques and XPS to determine their properties at 
different CNT concentrations. 
Cross-sectional electron microscopy In order to examine the dispersion of 
MWCNT throughout the polymer and the morphology of the nanocomposites, SEM 
was used. To prevent charging of the nanocomposites under the microscope, the 1% 
sample was coated with platinum and all of the other samples images were captured 
at relatively low beam voltages. 
 Figure 4.2 shows the SEM images of the fabricated MWCNT/PDMS 
nanocomposites. It was observed that particle dispersion was reasonably 
homogenous for all samples. However, some MWCNT dense areas bundles were still 
present in the membranes. Visually as the concentration of MWCNT increases in the 
membrane, its structure transformed further to a nanocomposite structure. No 
exceptional morphological behaviour was observed after the addition of MWCNT 
particles at different concentrations. 
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Figure 4.2 Cross sectional SEM images of MWCNT/PDMS nanocomposite membranes of 
different concentrations, showing the bundle distributions for MWCNT weight 
concentrations of: (a) 1%; (b) 5%; and (c) 10%. 
 
FTIR studies Figure 4.3 illustrates the FTIR spectra of pristine PDMS and 
MWCNT/PDMS nanocomposites of different concentrations. The peaks between 
1400–1420 cm−1 and between 1240–1280 cm−1 correspond to –CH3 deformation 
vibration in PDMS [3]. The Si–O–Si stretching multi-component peaks for PDMS 
are observed in the range between 930 to 1200 cm−1. The significant difference 
between pure PDMS and MWCNT/PDMS nanocomposite FTIR spectra is observed 
at 905 cm−1 for which the peak becomes sharper and gains a notably lower intensity 
as the concentration of MWCNT increase in PDMS. This could be due to the 
formation of Si–C bond. It has been previously reported [3-5] that Si–C bands and 
Si(CH3)2 rocking peaks appear in the region of 825–865 cm−1 and 785–815  cm−1, 
respectively, which are also seen in the FTIR spectra for nanocomposites. 
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Figure 4.3 FTIR spectra for the pure PDMS and MWCNT/PDMS nanocomposite 
membranes. 
 
Raman spectroscopy studies The pure PDMS membrane Raman spectrum 
presented in Figure 4.4 (continuous line), contains the typical PDMS peaks, 
concurring with the spectra presented in previous works 30. It comprises of a Si–O–Si 
symmetric peak at 488 cm−1 and at 607 cm−1 appears the Si–CH3 symmetric rocking 
peak. The Si–C symmetric stretching appears at 708 cm−1 and CH3 asymmetric 
rocking appears at 787 cm−1. At 862 and 1262 cm−1, CH3 symmetric rocking and 
symmetric bending are seen, respectively [6]. Following the dispersion of MWCNT' 
within the MMM, the PhD candidate observe that the Si–CH3 symmetric rocking 
band shift peak decreases as the concentration of MWCNT increases. 
MWCNT's Raman spectra have been thoroughly studied, and have band assignments 
that are well established [7-9]. The Raman spectra of the MWCNT-PDMS 
nanocomposites show the first order carbon bands as the D band (disorder band) at 
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around 1330 cm-1 and a wide G band (TM-tangential mode or graphite band) at 
around 1605 cm-1. The two bands can be clearly seen in Figure 4.4 with the D band 
showing the disorder in the graphitic structure of MWCNT [10-12]. The wide peak 
observed in the G band can be explained by the disentanglement of the MWCNT and 
subsequent dispersion in the PDMS matrix as an outcome of polymer infiltration into 
the MWCNT bundles [13]. The intensity ratio of D and G bands has been shown to 
be a strong indicator of the structural arrangement [7, 14]. The intensity ratios of D 
band to the G band (ID//IG) in the nanocomposites ranged from 1% to 10% increased 
from 1.59 to 1.72, respectively, showing the reduction in the order as the amount of 
MWCNT increases.  
 
Figure 4.4 Micro-Raman spectra for: pure PDMS and three different MWCNT 
concentrations in MWCNT/PDMS nanocomposite membranes. 
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XPS studies Figure 4.5a and 4.5d show the C(1s) XPS spectra of the PDMS 
membrane and the PDMS+1% MWCNT nanocomposite, respectively. Curve fitting 
reveals a singular peak centred around a binding energy of approximately 284 eV, 
which corresponds to C−C, C=C, and C−H bonds [15, 16]. It is important to note that 
the C−Si bond also lies within this peak at 283.8 eV. The C(1s) peak within the pure 
PDMS membrane resulted in 44% of the overall binding energy, while in the 
nanocomposite membrane was responsible for 48% of all binding energy. This was 
expected with the addition of the MWCNT within the polymer matrix. The O(1s) 
spectrum of the PDMS and the PDMS+1% MWCNT nanocomposite presented in 
Figures 4.5b and 4.5e show a singular peak fitted to approximately 532 eV that 
match up to those found in past studies [17].   
 
Figure 4.5 XPS analysis results: (a)-(c) show C, O, and Si peaks for the pure PDMS, 
respectively. (d)-(f) show C, O, and Si peaks for the 1% MWCNT /PDMS, respectively. 
 
It was also important to examine the Si(2p) XPS spectrum for the pure PDMS 
and the PDMS nanocomposite as shown in Figure 4.5c and 4.5f, respectively, to 
assess the type of bonds that Si atoms establish. The deconvolution of the Si(2p) 
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spectrum results in two  peaks, one occurring at 102 eV (peak A in Figure 4.5c and 
4.5f) ,which can be attributed to Si-O bonds within PDMS and the other at and 
103.7 eV (peak B in Figure 4.5c and 4.5f), which corresponds to silicon bonding to 
three oxygen atoms, which compares to those found in earlier reports [18, 19]. The 
figures show a clear reduction in the occurrence of the higher binding energy peak 
within the nanocomposite, when compared to the pure PDMS spectrum. This 
suggests that the reduction in quantity of silicon to three oxygen bonds is in response 
to this increase in the number of Si−C bonds occurring with the addition of 
MWCNT. 
4.3.2 Gas Permeability and Selectivity  
The gas selectivity and permeability of the nanocomposite membranes were 
inspected at several concentrations of CH4 and H2 in ambient air, pumped through 
the mass flow controller setup that was presented in Section 4.2.3. All measurements 
were performed at room temperature and the commercial sensor’s heater was 
supplied with a 5 V DC as recommended by the manufacturer. The sensor’s 
resistance was sampled every 10 s during the gas exposure. In order to evaluate the 
cross-talk and gas permeability for the nanocomposites, several gas streams of 
varying concentrations of H2 and CH4 mixtures in ambient air were pumped into the 
chamber via the mass flow controller. First, H2 gas streams were pumped with 
concentrations of 0.5% and 1.0% in ambient air, and to facilitate sensor recovery 
ambient air was pumped following the two gas cycles. Afterwards, the chamber was 
filled with streams of 0.5% and 1.0% CH4 (also in ambient air), similarly followed by 
ambient air after gas cycles for sensor recovery. Finally, to examine the behaviour of 
the sensor and the membrane in mixed gas environment, the mass flow controlled 
pumped a mixture of 0.5% H2 and 0.5% CH4 into the chamber.   
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Due to the different permeability of the gas species through the membranes 
exposure times were varied. For the relatively fast gas permeability of H2, the 
exposure time was 10 min with a 25 min ambient air recovery in between exposures. 
CH4 gas diffusion was relatively slower, and required a longer exposure time of 20 
min and 40 min ambient air recovery between exposures. 
As the chamber was filled with these gases, the concentrations of the analyte 
gases that permeated through the different membranes were measured by the 
commercial sensor. Utilizing the different MWCNT/PDMS membranes in 
conjunction with the commercial sensor, when exposed to the different 
concentrations of gas species, the relative normalized permeability ratios for the 
various nanocomposite membranes for different gas species were obtained and 
demonstrated in Figure 4.6. In this graph, all measurements were acquired at room 
temperature as mentioned previously. The dynamic response of sensing system at 
different concentrations of gases, used to extract the data presented in Figure 4.6, is 
presented as Figure 4.7. 
As can be seen in Figure 4.6, for different wt% MWCNT/PDMS 
nanocomposites, the response magnitudes and their trends were fairly similar upon 
exposure to both 0.5% and 1.0% H2. The permeation of H2 through the membranes 
decreased as the concentration of MWCNT increased within the polymer matrix. The 
permeation of the 0.5% H2 in ambient air dropped by around 21%, 60%, and 77% 
through the 1%, 5%, and 10% MWCNT-PDMS nanocomposites, respectively. In 
addition, the permeation of the 1.0% H2 decreased by approximately 11%, 53%, and 
57% through the 1%, 5%, and 10% MWCNT/PDMS nanocomposites, respectively.  
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Figure 4.6 Normalized relative permeability of MWCNT-PDMS membranes to various 
concentrations of CH4 and H2 in ambient air. 
 
 
Figure 4.7 Dynamic response of the sensor-membrane system upon exposure to different gas 
concentrations and mixtures. 
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Conversely, embedding MWCNT in PDMS considerably attenuated the 
permeability of the membranes to CH4. As the concentration of MWCNT increased 
beyond 1% within the nanocomposite material, the membrane almost completely 
blocked CH4 diffusion, while allowing the passage of H2. For the 0.5% CH4 in 
ambient air the permeation was attenuated by 96% through 1% MWCNT/PDMS 
nanocomposite and was almost completely blocked at 5% and 10% MWCNT/PDMS 
nanocomposites. The permeation through the 1% MWCNT/PDMS nanocomposite of 
1% CH4 dropped by 77% and by around 99% through the 5% and 10% 
MWCNT/PDMS nanocomposites.  
It is important to consider that CH4 molecules are much larger and heavier 
than H2 molecules, and as a result their permeations through the membranes take 
longer. Consequently, CH4 molecules spend longer time in the membranes, and 
hence, have a higher chance to interact with the content of the membranes. 
Additionally, their larger size also increases their chance of interaction with the 
surroundings. This means that the change in the polymerization and increase in the 
filler concentration, affect them more significantly than the H2 molecules. It is 
interesting to observe that even H2 molecules experience the blocking effect at higher 
concentrations of MWCNT.          
As mentioned previously in Section 4.3.1 and revealed from the FTIR 
analysis (Figure 4.3), the intensity of the peak observed at 905 cm−1 decreased as the 
concentration of MWCNT increased in the nanocomposite, which corresponds to the 
formation of Si−C bond. Moreover, the Si(CH3)2 rocking peaks appear to decrease as 
well with increasing of MWCNT in PDMS. This suggests that these bonds play a 
significant role in blocking CH4 through the nanocomposite membranes. Similarly, 
micro-Raman spectra (Figure 4.4) from Section 4.3.1, demonstrates the decrease of 
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the Si−CH3 symmetric rocking band as the concentration of MWCNT increases 
which agrees with the results obtained from FTIR. Additionally, the XPS analysis 
from Section 4.3.1 shows a decrease in the number of silicon to three oxygen bonds 
occurring, allowing the increased formation of the Si−C bonds.  
The PhD candidate has seen a similar behaviour in the Raman and FTIR 
spectra of the nanocomposites after increasing the concentration of CB fillers [20]. 
However, there is a striking difference between the behaviour of MWCNT-PDMS 
and CB-PDMS membranes. CB-PDMS membranes showed blocking of CH4 only at 
6% of CB but the membranes with the higher concentration of CB could not block 
CH4. This was associated to the decrease in the number of non-polymerized Si−O 
and Si−CH3 bonds. Interestingly, the concentration of these bonds increased at higher 
concentrations of CB in the membranes.  
The PhD candidate see the same trend for MWCNT/PDMS nanocomposites 
at low concentration of MWCNT, a decrease in the number of Si−CH3 and Si−O 
bonds and increase in the number of Si−C bonds. However, for MWCNT 
nanocomposites, increasing the MWCNT concentration above 1% also enhance the 
blocking of CH4 even further. This is in agreement with characterization outcomes 
which confirm that the prevalence of Si−C bonds remain high, even at high 
concentrations of MWCNT. The most significant difference between CB and 
MWCNT is the large surface area of MWCNT. While at high concentrations of CB 
the polymerization of the PDMS onto the surface of carbon was reduced, the same 
trend was not seen for MWCNTs nanocomposites due to the fact that MWCNT have 
much smaller dimensions, much higher surface activity, and better dispersion in the 
polymer matrix. These observations confirm the author’s initial hypothesis predicting 
better performance of MWCNT as a filler for gas separation membranes. 
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4.4 Summary 
In this Chapter, a number of weight concentrations of MWCNT in 
MWCNT/PDMS nanocomposite membranes were synthesized. The effect of the 
MWCNT concentration on membrane selectivity towards H2, and the blockage of 
CH4, was studied. It was found that in general the presence of MWCNT in PDMS 
produces selectivity towards H2 over CH4. It was also observed that as the weight 
ratio of MWCNT increases in PDMS nanocomposites, the selectivity to H2 increases 
by efficient blocking of CH4. The advent of selectivity occurred at low MWCNT 
concentration of only 1% and was ascribed mainly to the formation of Si−C bonds, 
decrease in the number of available Si–CH3 and Si–O bonds and to some extent the 
surface reaction of MWCNT with the larger CH4 molecules in comparison with H2. 
The developed membranes can offer many industrial applications by 
enabling efficient in situ selective H2 separation from other gas species, with CH4 
demonstrated in this Chapter, using low cost and passive membrane technologies. 
In the next Chapter, the author will present his achievements in the 
development of silver nanoparticle (Ag)/PDMS nanocomposite catalytic membranes 
for H2S gas removal. The author will discuss, in detail, the fabrication process, 
characterization and the investigation of incorporating Ag nanoparticles into PDMS 
to modify the gas separation and removal properties of the developed nanocomposite 
membranes.  
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Chapter 5. Silver nanoparticle/PDMS nanocomposite 
catalytic membranes for H2S gas removal 
 
5.1 Introduction 
In this chapter the PhD candidate presents the outcomes of his investigations on the 
development of silver (Ag)/ polydimethylsiloxane (PDMS) nanocomposite catalytic 
membranes for gas separation and removal with an emphasis on hydrogen sulfide (H2S) gas 
manipulation. As presented in Chapter 1, the author of this thesis chose PDMS as a model 
rubbery polymer as it can demonstrate excellent capability to form mixed matrix membrane 
with a wide range of inorganic nanofillers [1-4]. In addition, it shows an intrinsically high 
flux for a range of gas species and hence potentially allows efficient interaction between H2S 
gas molecules and the embedded catalyst, which is one of the perquisites for high 
performance catalytic polymeric membranes reactors (CPMRs) [5-8]. Ag, in the form of 
nanoparticles, is used in order to increase the surface area for the H2S reaction in the 
membrane.  
This chapter presents the investigation of the effect of incorporating Ag nanoparticles 
into the PDMS matrix to form CPMRs for reactive removal of H2S from methane (CH4) and 
carbon dioxide (CO2) gases. Nanocomposite catalytic membranes with different weight 
concentrations of Ag nanoparticles are synthesized, analyzed and tested to understand the 
effects of nanoparticles on the gas species permeations and H2S reactive removal.  
The contents of this chapter were published as a full article in the Journal of 
Membrane Science [9].  
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5.2 Materials and methods 
5.2.1 Membranes Preparation 
The polymeric nanocomposite membranes were fabricated utilizing PDMS (Sylgard 
184, Dow corning corporation) and Ag nanopowder (Sigma-Aldrich Pty Ltd, 99.5% 
trace metal basis containing polyvinylpyrrolidone (PVP) as dispersant) with a 
particle size of less than 100 nm. A pristine PDMS membrane and four different 
Ag/PDMS nanocomposite membranes with Ag nanoparticle weight percentages of 
0.125%, 0.25%, 0.5% and 1%, were synthesized. Membranes with concentrations 
above 1% Ag could not be synthesized due to the heavy agglomeration of Ag 
particles in the process. The solvent p-xylene was added to the viscous PDMS 
elastomer to facilitate the distribution and achieving homogenous dispersion of Ag 
nanoparticles within the polymer matrix. The mixture was mechanically stirred for 
20 min before sonication using a Cole-Parmer 500-W ultrasonic homogenizers for 1 
h. After that the Ag/PDMS nanocomposite was precipitated in a methanol bath, 
while magnetically stirred to prevent the agglomeration of the nanoparticles. Next, 
the PDMS crosslinking agent was mixed into the nanocomposite with a ratio of 10:1 
(base: crosslinking agent) and allowed to degas in a vacuum for 30 min. Finally, the 
composite mixture was spin-coated onto optically polished silicon wafers and placed 
in a 75 °C oven to crosslink for 40 min. This crosslinking temperature was chosen as 
it produces PDMS membranes with the highest gas permeability [7]. The produced 
membranes had the thickness of 135±15 µm determined by scanning electron 
microscopy.   
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5.2.2 Membrane Characterizations  
The pristine PDMS and nanocomposite Ag/PDMS membranes were characterized by 
electron microscopy techniques, vibrational spectroscopy, X-ray diffraction (XRD) 
and X-ray photoelectron spectroscopy (XPS). An FEI Nova NanoSEM scanning 
electron microscope was employed to evaluate the morphologies and thicknesses of 
the membranes. A JEOL 2100F high resolution transmission electron microscope 
was utilized to obtain Ag nanoparticles dimensions. Energy-dispersive x-ray 
spectroscopy (EDX) experiments were carried out with an Oxford X-MaxN 80 TLE 
attached to the JEOL 2100F. The Fourier transform infrared (FTIR) spectroscopy of 
the PDMS and Ag/PDMS nanocomposites was recorded using a Thermo Nicolet 
6700 spectrophotometer. The micro-Raman spectra of the nanocomposites were 
obtained utilizing a Rensishaw InVia Raman spectrometer at 633 nm wavelength. A 
Burker D4 ENDEAVOR diffractometer was used for collecting the XRD patterns for 
the pure Ag nanoparticles and the H2S exposed Ag nanoparticles. XPS was 
performed with a Thermo Scientific K-alpha instrument with an Al Kα source.  
A hydrostatic weighing method was employed to determine the density of the 
PDMS and nanocomposite membranes [10]. The samples where weight in air (MA) 
first and then weight in an auxiliary liquid (ML) (ethanol in this case) and finally the 
nanocomposite membrane density (ρp) was calculated by:  
 =
 
 −!
 (5.1) 
where ρ0 is the density of the auxiliary liquid.  
Considering the relevant densities, the composite membranes theoretical 
densities (ρtheory) can be calculated using: 
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where m is the mass,  ,  is 10.49 g/cm3 and -./ is 1.033 g/cm3, which are the 
densities of silver and PDMS, respectively [7]. 
The total fractional free volume (FFV) was calculated by comparing the 
theoretical and experimentally measured densities as follows in which FFVPDMS was 
calculated to be 0.1379%: 
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                   (5.3) 
To measure the solvent swelling extents of the different concentrations of 
Ag/PDMS nanocomposite catalytic membranes, dry samples with known weights 
were completely submerged in toluene for approximately 24 h. After swelling 
equilibrium was achieved, the nanocomposite membrane samples were pat dried and 
weighed. To ensure accurate and repeatable results, the measurement was repeated 
several times.     
5.2.3 Gas Permeability and Sensing Measurements Setup  
Gas cylinders of CH4 (industrial grade), CO2 (industrial grade), and a 56 parts per 
million (ppm) H2S in nitrogen (N2) mixture were supplied by BOC Gas Ltd, 
Australia. The membranes’ pure gas permeability was measured utilizing a constant 
pressure variable volume (CPVV) apparatus (Figure 5.1a), which was modeled from 
Stern et al. and Merkel et al. reports [11, 12].  
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Figure 5.1 (a) Schematic of the constant pressure variable volume (CPVV) single gas 
permeation apparatus (not to scale). (b) Schematic of the H2S gas sensing (not to scale). 
 
The nanocomposite membranes under evaluation were fixed within a 
permeation cell, while applying a constant 400 kPa pressure on the upstream 
boundary and keeping the downstream side at the atmospheric pressure. The surface 
area of the nanocomposite under test was ~8.05 cm2. To ensure that all 
measurements were conducted at a constant temperature of 37 °C, an environmental 
chamber was used for housing the permeation cell. A flowmeter, Mass/VLM, ADM 
2000 (Agilent Technologies Pty Ltd) was utilized to acquire the gas flow rates.    
As the CPVV apparatus is only suitable for pure gas permeability 
measurements, a modified setup (Figure 5.1b) was employed to evaluate the removal 
efficiency of the H2S mixed gas through the membranes. The chamber held the 
membranes to be evaluated against a commercial H2S electrochemical sensor (EC4-
100-H2S, e2v technologies). The H2S mixed gas flow was controlled using a mass 
flow controller (MKS Instruments, Inc, USA) with a constant pressure maintained in 
the chamber via a back pressure regulator to 120.68 kPa and an atmospheric pressure 
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(100 kPa) at the permeate side of the membrane. All measurements were housed and 
conducted in an environmental chamber with a temperature of 37 °C.     
The exposed membrane is then purged with N2 gas for 24 h to ensure the 
complete desorption of H2S gas molecules. Subsequently, the membrane is re-
exposed to H2S gas for 70 h to confirm the establishment of equilibrium between the 
Ag/PDMS catalytic membrane and H2S gas molecules. The sensor lag time is 
extracted from the H2S gas sensor response curve reflecting the H2S gas permeation 
kinetic through the membrane. 
 
5.3 Results and Discussions 
5.3.1 Microstructural and Spectroscopic Studies 
The nanocomposite Ag/PDMS membranes were characterized using scanning 
electron microcopy (SEM), transmission electron microscopy (TEM) imaging, 
vibrational spectroscopy techniques, XRD and XPS to determine their properties at 
different Ag nanoparticles concentrations.  
Cross-sectional scanning electron microscopy The rubbery membranes were 
frozen in liquid nitrogen and then fractured to obtain acceptable cross sectional 
surfaces for SEM. Samples were then coated with a thin platinum layer of ~3 nm 
thickness to reduce charging effect. Figure 5.2 shows a SEM image of the Ag/PDMS 
nanocomposite, which demonstrates the presence of dispersed nanoparticles 
embedded into PDMS. 
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Figure 5.2 Cross-sectional SEM images of: (a) an Ag/PDMS nanocomposite membrane 
showing the dispersion of the embedded Ag nanoparticles at 0.25% concentration. (b) 
The agglomeration of Ag nanoparticles when their concentration in the PDMS matrix 
increases beyond 0.25%. Large islands of nanoparticles are formed in a 1% Ag/PDMS 
nanocomposite membrane which is shown as an example.  
 
Transmission electron microscopy The TEM image of the pristine Ag in 
Figure 5.3a shows the nanoparticles in the range suggested by the provider and 
confirms that their sizes are less than 100 nm. A very thin amorphous layer 
surrounding the Ag nanoparticle seen in the high resolution TEM (HRTEM) image 
(Figure 5.3b) can be identified as the PVP coating, similarly observed by other 
researchers [13]. The selected area electron diffraction (SAED) pattern of the cubic 
phase of Ag can correspond to the planes (1 1 1), (2 0 0) and (2 2 0) (Figure 5.3c) 
[14].  This was carried out based on calculations of the lattice spacings for the Ag 
nanoparticle, which is presented in Figure 5.3d.  
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Figure 5.3 (a) The TEM image of pristine Ag nanoparticles. (b) The HRTEM image 
of one pristine Ag nanoparticle. (c) The SAED pattern of pristine Ag nanoparticles. 
(d) The HRTEM image from the region enclosed in (b). 
Structural characterization of the Ag/PDMS nanocomposites Figure 5.4 shows 
the FTIR spectra of pure PDMS and the Ag/PDMS nanocomposites membranes. 
Pristine PDMS peaks comply with the typical reported values [1, 15-19]. The Si–C 
bands and Si(CH3)2 rocking peaks, respectively, are present in  the regions of 825–
865 and 785–815  cm−1 [1, 15, 17-19]. Peaks that appear at 910 cm−1 are assigned to 
the Si–H bonds [16].  The multi-component Si–O–Si stretching peaks are located 
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between 930 to 1200 cm−1 [1, 15]. The notable difference between pristine PDMS 
and different Ag/PDMS nanocomposites spectra is apparent at 1414 and 1450 cm-1, 
which can be ascribed to C=O and C–C ring stretching bonds, respectively [15, 20]. 
Both peaks become more prominent as the concentration of Ag nanoparticles 
increases in the composite membranes (insert in Figure 5.4). These bonds’ intensity 
changes can be associated with the increase of the dispersant PVP coating. 
 
Figure 5.4 FTIR spectra for the pristine PDMS and Ag/PDMS nanocomposite membranes. 
 
Micro-Raman spectra of pristine PDMS and different concentrations 
Ag/PDMS nanocomposites are presented in Figure 5.5. Typical signature peaks of 
PDMS published in previous studies are in agreement with the obtained spectra [21-
23]. The spectra include a symmetric Si–O–Si peak around 488 cm−1. The Si–CH3 
symmetric rocking peak appears at 615 cm−1. At 707 cm−1, the Si–C symmetric 
stretching appears. The peaks of the symmetric bending, symmetric and asymmetric 
rocking of –CH3 appear at 787, 856 and 1257 cm−1, respectively. The Si–CH3 
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symmetric and asymmetric stretching bands appear at 2902 and 2964 cm−1 [2, 24, 
25]. The major change in spectra of nanocomposites with different Ag concentrations 
appear in the C–C stretching at 1567 cm−1[26], in which intensities enhance as the 
concentration of Ag nanoparticles increases in the composite membranes. This can 
be attributed to the dispersant PVP coating, which is in agreement with the obtained 
FTIR results in this section.  
 
Figure 5.5 Micro-Raman spectra for pristine PDMS and four different Ag concentrations in 
PDMS. 
 
5.3.2 Gas Permeability  
Before assessing the gas permeability through nanocomposite catalytic membranes, 
it is important to characterize their FFVs upon the addition of Ag nanoparticles, 
which can fundamentally change the diffusion of the gas molecules through the 
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membranes [27, 28]. To understand this impact, density measurements were carried 
out as the polymer density is commonly associated with FFV. The density of the 
various weight concentrations of Ag composite catalytic membranes are shown in 
Figure 5.6a. It can be seen that adding Ag nanoparticles up to 0.25% slightly reduces 
the density of the composite membrane relative to that of the predicted theoretical 
calculations. However, further increasing of Ag concentration does not reduce the 
density of membranes. This might be due to the agglomeration effect of Ag 
nanoparticles that starts to take place at higher concentrations (Figure 5.2). These 
density measurement results can be used for assessing the additional FFV that 
possibly caused by the weak interaction between the Ag nanoparticles and the base 
polymer (Figure 5.6b) [4]. Such a weak interaction can be evident by the reduction of 
the ability to create crosslinks at the interface between Ag nanoparticles and PDMS. 
Equilibrium swelling measurements of the composite catalytic membranes was hence 
investigated and compared to a pristine PDMS to evaluate any changes in overall 
crosslinking density [29]. From Figure 5.6c, it can be seen that all of the composites 
have a higher degree of swelling than that of pristine PDMS reference even through 
these enhancements are within 10% of this reference value, indicating a slight 
reduction of the overall crosslinking densities of membranes upon the introduction of 
Ag nanoparticles, which is consistent with the FFV measurements [30].  
Single gas tests using CPVV apparatus (discussed in section 5.2.3) were 
carried out in order to reveal the effects of Ag nanoparticles in the nanocomposite 
membranes on pure CH4 and CO2 gas permeation properties. The permeability 
measurements of the PDMS and Ag/PDMS nanocomposite membranes are presented 
in Table 5.1.  
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Figure 5.6 The effect of Ag nanoparticles concentration on (a) the density and (b) the FFV 
of Ag/PDMS nanocomposite membranes. (c) Swelling extent for nanocomposite membranes 
made of different concentrations of Ag nanoparticles. 
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Table 5.1 The permeability (Barrer) of pristine PDMS membrane and 
nanocomposite membranes 
Penetrant PDMS 0.125%Ag 0.25%Ag 0.5%Ag 1%Ag 
CH4 950 910 1000 950 920 
CO2 3130 2980 2330 2420 2600 
 
As observed in Table 5.1, the variations of CH4 gas permeability through the 
nanocomposite membranes and pristine PDMS are within the measurement error 
(± 5%) which indicates that Ag nanoparticles have little effect on CH4 gas 
permeation. However, there is an obvious reduction in the permeability of CO2 in 
comparison to pristine PDMS, which reaches a minimum at 0.25% Ag, although 
there is a slight increase in FFV as the concentration of Ag increases within the 
PDMS matrix (Figure 5.6). CO2 permeation changes can be ascribed to the 
nanocomposite tortuosity [31, 32], which increases the diffusion path length for gas 
molecules after the addition of the Ag nanoparticles. But a similar effect on the 
permeation reduction was not observed for CH4 gas, suggesting tortuosity may not be 
the dominant effect in this case. Another possibility could be the interaction between 
the adsorbed CO2 and O2 on the surface of Ag nanoparticles, for which the Ag 
nanoparticles act as the catalyst. However, as the CO2 permeation measurements are 
conducted in the environment in the absence of O2, the catalytic reaction could be 
inefficient due to the limited amount of adsorbed O2 on the surface of nanoparticles 
[33]. Alternatively, it is possible that Ag nanoparticles form reversible π-
complexation with C=O double bonds of CO2, which may contribute to the 
decrement of its permeability [34, 35]  
The measurements for investigating the effect of Ag nanocomposite 
membranes on H2S gas molecule removal was conducted with concentrations in the 
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orders of tens of ppm. Such H2S concentrations were chosen as they represent the 
magnitudes found in many real-life and industrial processes, some of which are 
presented in the introduction. The experiments were conducted with the setup 
explained in Figure 5.1 with the system is exposed to 56 ppm H2S gas in N2 mixture.  
 
Figure 5.7 (a) Normalized H2S sensor dynamic responses after 3 h tests for composite 
membranes of different Ag concentrations; (b) Normalized values for the same responses 
after 3 h. 
While the concentration of Ag nanoparticles within the Ag/PDMS composite 
membranes does not affect the permeation of CH4 and moderately decreased the 
107 
 
permeation of CO2 gas molecules, it is found that there is a more significant effect on 
the H2S gas. The dynamic responses of the H2S sensor are shown in Figure 5.7a and 
the normalized values for the same responses after 3 h are presented in Figure 5.7b 
for comparison. The dynamic response can be divided into three phases, indicating 
the change in H2S permeation kinetics through the composite membranes at different 
stages. The first phase is represented by the initial delay in the sensor response curve 
reflects the membranes solubility of H2S gas molecules. For the pristine PDMS 
membrane, the initial delay time is less than 10 s, indicating the intrinsic H2S 
solubility of the membrane. As the concentration of Ag nanoparticles increased, this 
initial delay time was prolonged and eventually reach more than 400 s when the 
concentration of Ag reaching 1% (Figure 5.8a), suggesting an increase in the H2S 
solubility of membranes upon the addition of Ag nanoparticles. This phenomenon 
can be ascribed to the enhancement of available adsorption sites of Ag nanoparticles 
for H2S gas molecules, therefore allowing more H2S gas molecules to be soluble in 
the membrane.   
 
Figure 5.8 Sensor response (a) lags (b) rise times after the exposure to H2S. 
Interestingly for the membranes after the exposure of H2S for a long time, this 
lead delay has dramatically decreased to ~100 s, revealing that a non-reversible 
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reaction has occurred during the first exposure (Figure 5.9a). Upon the adsorption of 
H2S gas molecules onto surface of Ag nanoparticles, exposed parts of Ag 
nanoparticles undergo a chemical reaction transforming into very small amount of 
Ag2S (evidence is presented in a later section). The Ag2S acts as a protective material 
and prevents H2S gas to further interact with Ag, resulting in the formation of a 
stable nanocompound made of Ag and Ag2S (demonstrated as Ag/Ag2S) [36]. The 
proposed interaction phase is illustrated in Figure 5.10.  
 
Figure 5.9 H2S dynamic responses of the 1% Ag/PDMS membrane: (a) Comparison of the 
sensor lag time between the first and second runs; (b) after 70 h H2S exposure test. 
After the delay phase, the H2S sensor starts to show a near typical first order 
response [37]. This second phase represents the competition between the diffusion of 
H2S gas molecules through the composite membranes, and the catalytic 
decomposition of H2S. In the presence of an internal potential in the interface of 
Ag/Ag2S (the potential across the Schottky barrier [38]), it is suggested a small 
amount of Ag+ ions (or Ag atoms) are diffused to the surface of Ag2S, catalyzing the 
decomposition of surface adsorbed H2S molecules [39]. In particular, the adsorbed 
H2S molecules are first dissociated into H+ and SH− ions [39]. Then the SH− ions are 
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further decomposed into H+ and S2− ions, which will eventually form H2 gas 
molecules and adsorbed sulfur atoms. As a result, the increase of the nanoparticles 
(i.e. Ag/Ag2S catalytic nanocompound) concentration enhances the catalytic 
decomposition effect of H2S gas molecules, requiring longer time to reach the 
equilibrium state. This can be evident by Figure 5.8b, in which the H2S sensor 
against the pristine PDMS membrane showed a relatively smaller time of 270 s to 
reach 90% of its saturation value when compared to the 5150 s for that of 
1% Ag/PDMS composite membrane. It should also be considered that the alteration 
of the gas molecule diffusivity by the nanocatalysts could play a significant role on 
slow permeation kinetics of H2S gas molecules as a function of the concentration of 
nanocatalysts, where the diffusion path length for gas molecules is increased after the 
addition of nanocatalysts due to the induced tortuosity between base polymer and 
nanocatalysts [31]. 
 
Figure 5.10 Illustration of the proposed sensor response phases after the exposure to H2S gas 
molecules. 
In the third and final phase for the H2S gas permeation kinetics, the response of 
H2S gas sensor reached its saturation values (Fig. 5.7a and 5.7b). As can be seen, the 
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composite membrane with 0.125% Ag only removes a small portion of H2S gas 
molecules, allowing 95% of the gas to permeate in reference to the pristine PDMS 
membrane. The increase of Ag nanoparticle concentration in the composite 
membrane results in a further reduction in the amount of permeated H2S and it 
finally catalytically decomposes more than 60% of H2S gas molecules when the Ag 
concentration reaches 1% even after the continuous H2S gas exposure for more than 
70 h (Figure 5.9b). 
A series of characterizations using XRD, XPS, FTIR, Raman spectroscopy and 
TEM-EDS analysis were conducted to confirm the assumption of the Ag/Ag2S 
catalytic nanocompound formation in the composite membranes and the reaction 
stages that were presented in Figure 5.10. XRD and XPS were not shown for the 
Ag/PDMS composite membranes as no Ag signal could be detected due to very low 
concentrations of the nanoparticles. Instead Ag nanoparticles were directly exposed 
to H2S in order to investigate the interactions taking place. The XRD patterns, shown 
in Figure 5.11a, represent the pristine Ag nanoparticles before and after the exposure 
to H2S gas for 24 h. The pristine Ag is found to have a mixed cubic (FCC) and 
hexagonal (Silver-4H) structure [40, 41]. After the H2S gas exposure, the XRD 
pattern revealed that the FCC Ag is still dominant, with a small amount of acanthine 
Ag2S (monoclinic Ag2S) [40, 42]. The crystal structure of the Ag2S can also be 
identified as possibly argentite (BCC Ag2S) due to the presence of the corresponding 
XRD features [40]. The intensities of Ag2S peaks are weak, demonstrating that even 
after 24 h of exposure the Ag2S amount is still relatively small in comparison to the 
bulk of the Ag nanoparticles. The HRTEM imaging was also conducted on the 24 h 
exposed samples. However, the SAED patterns of the nanoparticles after H2S 
exposure were inconclusive in proving the existence of Ag2S (Figure 5.12)  
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Figure 5.11 (a) XRD for Ag nanoparticles before and after H2S gas exposure. XPS analysis 
results: (b) Ag3d scan of pristine and H2S gas exposed Agnanoparticles; (c) S2p scan 
showing sculpture content on Ag nanoparticles before and after H2S gas exposure. (d) Micro-
Raman spectra for Ag/PDMS nanocomposite membrane before and after H2S gas exposure. 
 
XPS studies shown in Figure 5.11b and 5.11c, also provides a strong evidence 
to support the formation of an Ag/Ag2S catalytic nanocompound as well as the 
presence of sulfur traces after the decomposition of H2S. From Figure 5.11b there is 
no obvious difference between the peaks binding energies of Ag3d5/2 and Ag3d3/2 
before and after the H2S gas exposure as the amount of Ag2S is much smaller in 
comparison with the metallic Ag [42-45].  However, a pronounced board peak with a 
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binding energy of in the range of 160 to 164 eV appear after the exposure to H2S, 
confirming the existence of the Ag2S as well as adsorbed sulfur atoms [42, 46].  
 
Figure 5.12 (a) The HRTEM image of Ag nanoparticles after H2S exposure. (b) The 
corresponding SAED pattern of Ag nanoparticles after H2S exposure. 
 
While there was no distinguishing difference on the FTIR spectra of the 
Ag/PDMS composite membrane before and after the H2S gas exposure (Figure 5.13), 
Raman spectroscopy was able to be used for discerning the elemental change of the 
composite membranes under the influence of H2S gas. This is due to the Ag 
nanoparticles surface enhanced Raman spectroscopy (SERS) effect that enhances the 
signals obtained [47-49]. According to Figure 5.11d, in addition to the typical PDMS 
peaks, a strong Ag lattice vibrational mode can be observed at 106 cm-1 for the 
Ag/PDMS composite membrane before any H2S exposure [50]. Furthermore, multi 
component peaks appear in the region between 1100 and 1600 cm-1, which can be 
ascribed to the PVP dispersing agent of the Ag nanoparticles [26]. In addition, the 
peak at 230 cm-1 can be assigned to the Ag-O stretching mode, suggesting that there 
5 nm 5 1/nm 
(a) (b) 
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013 
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is a small amount of Ag2O inherently formed on the surface of Ag nanoparticles in 
the presence of an oxygenated environment [50]. Interestingly, after the H2S 
exposure, all aforementioned Raman peaks are weakened and a shoulder appears at 
180 cm-1, which can be assigned to Ag−S−Ag stretching mode [50]. These changes 
confirm the formation of Ag2S on the surface of Ag nanoparticles, which are 
embedded within the membranes. This also results in the reduction of the Ag SERS 
effect that is seen as the decrease of peaks in the 1100 to 1600 cm-1 region. 
 
Figure 5.13 FTIR spectra for Ag/PDMS nanocomposite catalytic membranes before 
and after H2S gas exposure. 
 
5.4 Summary  
In this chapter, nanocomposite catalytic membranes made of PDMS with different 
weight concentrations of Ag (0.125%, 0.25%, 0.5% and 1%) were synthesized. It 
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was concluded that Ag/PDMS nanocomposite membranes have strong ability to 
catalytically decompose H2S gas molecules. A reduction of H2S concentration of 
more than 60% was achieved for the membrane consisting of 1% Ag. Based on the 
author comprehensive characterizations, this was ascribed to the chemical interaction 
between Ag nanoparticles and the H2S gas molecules initially forming Ag2S and 
eventually the catalytic activity from the established Ag/Ag2S nanocompound. 
Despite the significant removal of H2S gas and the moderate CO2 permeation 
decrease, the permeation of CH4 gas was only slightly affected after the addition of 
Ag nanoparticles in the nanocomposite catalytic membranes. In conclusion, the PhD 
candidate’s developed nanocomposite catalytic membrane reactor can offer an 
efficient and economical solution to many biological, agricultural and environmental 
applications for removing H2S from gas streams in various processes. 
In the next chapter, the author will present the summary and concluding comments of 
this PhD thesis. Furthermore, the author will highlight his accomplishments and elaborate on 
future opportunities to follow this research work. 
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Chapter 6. Conclusions and Future Works 
6.1 Concluding Remarks 
In this PhD investigation, the authored focused on creating polymeric nanocomposite 
membranes with enhanced properties for separation and removal of different gas 
species.  
As the first step, the PhD candidate comprehensively researched literature on 
inorganic nanofillers incorporated into polymeric membranes for their gas 
permeation, separation and removal properties. Through this, the author recognized 
that a recent all-encompassing review on such nanoscomposite membranes with a 
focus on inorganic nanofillers was lacking. As a result, a thorough review on these 
membranes with different types of inorganic nanofillers including metals, metal 
oxides, different metal compounds, zeolites and many other inorganic materials was 
prepared. The text focused on properties, synthesis, gas separation mechanisms and 
common inorganic nanofillers for gas separation and removal applications. Some of 
the novel aspects including the effect of inorganic nanoparticles on the creation of 
meso/nano gaps and the reactor type membranes were also fully discussed.  
As a result of the aforementioned thorough review, the author identified carbon 
black (CB), carbon nanotubes (CNT) and silver (Ag) nanoparticles as the inorganic 
fillers. CB and CNT were chosen as they could show high affinity to hydrogen (H2) 
gas and Ag was chosen as it could catalytically interact with hydrogen sulphide 
(H2S) that were the main target gas species in this PhD research. 
Polydimethylsiloxane (PDMS) was chosen as the model membrane template for 
embedding the inorganic nanofillers as it poses high permeation rates for the gases of 
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interest for this PhD work, allowing distinct observations of the nanofillers effect on 
the separation, selectivity and removal of gases. As, such, the research was organized 
and pursued in three major models in order to achieve the proposed research 
outcomes and to target the gaps in the current knowledge.  
In the first model, the author demonstrated his work on the incorporation of CB 
in PDMS polymeric matrix for gas separation applications. The author developed 
nanocomposite membranes with different CB loadings and evaluated their 
performance for separating H2 from CH4 gas molecules.  
In the second model, the author investigated the effect of incorporating multi 
walled CNT (MWCNT) in PDMS on gas separation properties. He successfully 
demonstrated that the incorporation of MWCNT improved the separation 
performance of the nanocomposite membranes with lower loading concentrations in 
comparison to those membranes based on incorporated CB.  
In the third and final model of this PhD research, the author explored the idea 
of incorporating Ag nanoparticles in PDMS to remove H2S gas molecules from gas 
streams. He successfully developed and characterized catalytic polymeric membrane 
reactors (CPMRs) with several different Ag concentrations. The synthesized CPMRs 
were able to efficiently reduce the volume of the permeated H2S from gas streams 
through the membranes.  
As such, the major achievements in each model of this research work are 
summarized as follows:  
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6.1.1 Model 1 
• To the best of the author’s knowledge, the work reported in Chapter 3 of 
this thesis was the first reported study on the usage of CB as filler in 
nanocomposite polymeric membranes for gas separation applications. As 
mentioned in Chapter 1, CB was chosen by the PhD candidate as it has a 
high affinity to hydrogen atoms. As a result, it was hypothesized that the 
composite containing CB should affect the permeation of H2 and CH4. 
• The developed CB/PDMS nanocomposite membranes were able to increase 
H2/CH4 selectivity at room temperature. They reduced the permeation of 
CH4 while, to a higher degree, maintained H2 permeation. 
• Nanocomposite membranes with CB concentration of 6% were able to 
completely block CH4 permeation through the membrane. This blockage 
was ascribed to the interaction between CH4 molecules and the non-
polymerised bonds between silicon (Si) and oxygen (O) which were 
abundant at this CB concentration within the membranes. This was 
revealed by the vibrational spectroscopy studies (FTIR & Raman 
spectroscopies). 
 
6.1.2 Model 2 
• In this model, MWCNT/PDMS nanocomposite membranes were 
developed for gas separation application at different MWCNT loadings. 
MWCNT was chosen by the PhD candidate for its favourable surface 
energy, small dimensions, abundance of information regarding its 
properties, low cost and high surface area.   
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• With low filler loading as small as 1%, MWCNT/PDMS nanocomposite 
membranes were able to efficiently increase H2/CH4 selectivity at room 
temperature. This was much lower than CB loading for causing the same 
effect. 
• As the concentration of MWCNT increased in the composite membranes 
CH4 gas molecules were completely blocked unlike the CB/PDMS 
membrane which couldn’t completely block CH4 at higher concentrations.  
•  For MWCNT/PDMS nanocomposites the gas separation effect was 
associated to the formation of Si−C bonds at >1% concentrations which 
was revealed by vibrational spectroscopy analysis. 
6.1.3 Model 3 
• In this final model of the PhD research, the author demonstrated the 
development of Ag/PDMS CPMRs with Ag concentrations in the range 
of up to 1%. Ag was chosen by the PhD candidate because of it is well-
known strong reaction with H2S to form tarnish (Ag2S) which can 
catalytically decompose H2S.  
• Ag/PDMS CPMRs were able to efficiently separate H2S from mixed gas 
streams. 1% Ag/PDMS membranes were able to reduce H2S gas 
permeation by ~60% in reference to pure PDMS membrane. 
• The developed Ag/PDMS CPMRs had a moderate effect on CO2 and 
almost no effect on CH4 permeation.  
• The slight permeation reduction of CO2 through Ag/PDMS membrane 
was ascribed to the physical interaction between the Ag surface and π 
complication of CO2 gas.  
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• To provide a comprehensive explanation of H2S removal, the Ag and H2S 
interaction mechanism was divided into three phases according to the gas 
measurement observations which were also explained and confirmed by 
several characterisation techniques.   
• To understand and explain the separation mechanism of H2S through the 
Ag/PDMS CPMRs, a series of characterization were conducted using X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), FTIR 
spectroscopy, Raman spectroscopy as well as transmission and scattering 
electron microscopy analyses.  
• XRD and XPS confirmed the partial formation of Ag2S after exposing the 
Ag nanoparticles to H2S gas for 24 hours which confirmed the initial 
assumption of the formation of Ag/Ag2S nanocompound composite 
membranes.  
• Raman spectroscopy studies of the H2S exposed Ag/PDMS CPMRs have 
demonstrated a lower surface enhanced Raman spectroscopy (SERS) 
effect for H2S exposed membranes which suggested the formation of 
Ag2S as well.   
• From these characterisations, the Ag/PDMS removal mechanism of H2S 
was explained to take place in three different phases: 
o In the first phase, the solubility of H2S increased as the concentration 
of Ag increased. This was associated to the enhancement of available 
adsorption sites of Ag nanoparticles for H2S gas molecules, which 
allowed for more H2S gas molecules to be soluble in the membrane.  
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o In the second phase, H2S interacted with Ag nanoparticles and started 
to form Ag/Ag2S nanocompound in the CPMRs and for higher Ag 
loading in the membranes delays H2S diffusion was observed. 
o The last stage, the Ag/Ag2S nanocompound became stable and 
catalytically decomposed H2S into hydrogen and sulphur. 
 
6.2 Journal Publications 
The work conducted by the author of this dissertation during his PhD candidature, 
resulted in seven journal publications (four as the first author). The list of author’s 
scientific manuscripts is as follows: 
• Nour, M., Berean, K., Griffin, M. J., Matthews, G. I., Bhaskaran, M., Sriram, 
S., & Kalantar-Zadeh, K. Nanocomposite carbon-PDMS membranes for gas 
separation. Sensors and Actuators B: Chemical, (2012). 161(1), 982-988.  
• Nour, M., Berean, K., Balendhran, S., Ou, J. Z., Du Plessis, J., McSweeney, 
C., Bhaskaran, M., Sriram, S., & Kalantar-zadeh, K. CNT/PDMS composite 
membranes for H2 and CH4 gas separation. International Journal of 
Hydrogen Energy, (2013). 38(25), 10494-10501.  
• Berean, K., Ou, J. Z., Nour, M., Latham, K., McSweeney, C., Paull, D., 
Halim, A., Kentish, S., Doherty, C., Hill, A., & Kalantar-zadeh, K. The effect 
of crosslinking temperature on the permeability of PDMS membranes: 
Evidence of extraordinary CO2 and CH4 gas permeation. Separation and 
Purification Technology, (2014). 122, 96-104. 
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• Nour, M., Berean, K., Chrimes, A., Sabirin, A., Latham, K. McSweeney, C., 
Field, M., Sriram, S., Ou, J. Z., and Kourosh Kalantar-zadeh. Silver 
nanoparticles/PDMS composite membranes for H2S gas separation. Journal 
of Membrane Science, 2014 – In press. 
• Nour, M., Kalantar-zadeh, K., Inorganic nanofillers incorporated into 
polymeric membranes for gas separation and removal. Separation and 
Purification Technology. 2014 - under review. 
• Berean, K., Ou, J. Z., Nour, M., Field, M., Alsaif, M., Wang, Y., 
Ramanathan, R., Bansal, V., McSweeney, A., Kaner, R., & Kalantar-zadeh, 
K. Enhanced gas permeation of graphene nanocomposite membranes. Energy 
& Environmental Science. 2014 - under review. 
• Berean, K., Adetutu, E., Ou, J. Z., Nour, M., Nguyen, E., Paull, D., Mcleod, 
J., Ramanathan, R., Bansal, V., Latham, K., Bishop Hurley, G., McSweeney, 
C., Ball, A & Kalantar-zadeh, K. Antibacterial, biocompatible nanocomposite 
for in vivo biological applications. Advance Functional Martials. 2014 - 
under review. 
6.3 Recommendations for Future Work 
So far significant momentum has been gained for the application of nanocomposite 
membranes in gas separation and removal systems. To this end, many studies, as 
presented in this PhD thesis, have been conducted using a variety of polymers and 
inorganic components for the development of such membranes. As there are still 
abundant opportunities for expending the research in alignment with the outcomes 
presented in this thesis, the author presents the following as the future outlook of this 
dissertation 
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• The choices of polymer and nanofiller components of a nanocomposite 
membrane are critical for optimization for both permeability and selectivity. 
There are still no defined governing rules regarding these choices that help 
the designers in the initial stages for the selection of the materials to target 
specific gas species.   
• Another important issue for choosing the polymer used in the nanocomposite 
membranes is its synergy with the inorganic filler component: whether the 
bond at this interface should be established or not for the formation of non-
selective voids. The appearance of non-selective voids leads high 
permeability but poor separation performance. The structural integrity of 
polymer plays an important role for the nanocomposite membranes and 
should be addressed carefully in the design. Generally rubbery polymers tend 
to form relatively strong bond with inorganic materials and by extension 
provide void-free interfaces, however they are also characterized by high gas 
molecule mobility, which leads to a highly permeable membranes that can 
overshadow the selectivity-improving effect of the inorganic filler 
component.  Glassy polymers on the other hand are more rigid in their 
structure and as such, allow for higher selectivity. This however may 
manifest itself at the expense of weaker bonds between the polymer and 
inorganic filler components, which may create voids within the membrane. A 
logical technological leap in the context of adjusting the interface is to 
employ co-polymers that combine the properties of both rigid and rubbery 
polymers. 
• Capping for nanofillers can completely change the dynamics of gas 
molecules. Whether this capping is more porous or less porous than the 
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polymer itself as well as whether the capping should make tight bonds with 
the polymer and nananofillers and how it affects the dynamic of the system 
are the issues to be addressed in nanocomposite membrane designs.  
• Another challenge in the field of nanocomposite membrane is the choice and 
design of inorganic components. The choice and design of the inorganic 
nanofillers depend on the applications, whether the membranes are used in 
mild or harsh environments and whether energy can be applied to the system 
or it should be used passively.  The overall effect of many nanofillers on gas 
species are still debatable. For instance, for many metal oxides the argument 
still exists whether their effect on gas species is due to the polarity of the 
material or the catalytic reaction. There is barely any in-depth evidence and 
discussion on the effect of the surface energy of nanomaterials as well as how 
the bulk and surface of these materials interact with gas species at different 
conditions. The morphologies of nanofillers are also very important on the 
gas selectivity and permeation parameter that the membranes offer and still 
many research to be conducted in this area.     
• An additional issue is the embedding of nanofillers into nanocomposites. The 
homogeneity, dispersion and orientation of nanofillers play very important 
roles in the gas permeation and selectivity of the resulting membranes. For 
instance for CNT, still considerable challenges with regards to their design, 
alignment and dispersion are still remaining. The same issues apply for 
different types of nanofillers including challenges with aggregations, devising 
different methods of dispersions, the considerations of polymerizations in the 
presence of nanofillers and applying different methods for orienting the 
nanofillers. 
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• Another important consideration that has not been given much attention is the 
practical robustness of nanocomposite membranes with inorganic 
membranes. Industrial conditions are often harsh and there are still little 
evidence regarding nanocomposite membranes durability studies in such 
harsh conditions. It follows therefore that significant emphasis should be 
placed on investigations that can address the methods of assessing the 
robustness of nanocomposite membranes for gas separation and removal. 
